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EDITOR’S PREFACE 


The Chemical Plant Library has been planned to provide a group 
of reference books in the chemical field. The aim of the series is 
to present a comprehensive and unified body of knowledge— 
mainly for self-help and reference. 

The Library will appeal to many types of readers. It will be 
of bread-and-butter value to all: the so-called “practical man,” 
the research engineer, the chemist or engineer in a process indus¬ 
try plant. They may brush up or learn something as needs arise. 
It will help the practical man compete with his college-trained 
associates. It will assist younger men in broadening their fields. 
It will keep older men up-to-date with latest developments. 

The Library was not planned for classroom study as textbooks. 
Higher mathematics such as calculus and difficult equations have 
been avoided wherever possible. 

There are five books in the series. They deal with (1) chemi¬ 
cal calculations, (2) economics, (3) unit operations, (4) chemical 
process industries, and (5) materials of construction. 

This group of books has been made possible largely through 
the cooperation of the several authors to whom the editor wishes 
to express his thanks. 

James A. Lee 

New York, N. Y. 

September , 1950 




PREFACE 


This book is intended as a convenience for chemical engineers and 
others who may be required to present quick answers without 
adequate time for recourse to the many comprehensive texts and 
reference books. It is not intended as a substitute for either. 
An accurate and complete answer to almost any problem will 
require more information than is contained here. Industry is 
full of equipment that has been installed because someone timidly 
ventured “It seems about the right size.” To increase the accu¬ 
racy in this kind of guesswork every process engineer has his own 
file of useful data charts and whatnot. These he makes as brief 
as possible for ready reference. This is essentially such a set of 
notes; it is only a start toward a handy set of working data for 
rapid-process calculations. The hope is that it may be found 
useful. 

The presentation of data includes discussion of methods of 
application to process design calculations but does not give a 
complete exposition of the basic underlying theories. The novice 
is, accordingly, cautioned of the danger in the use of data beyond 
the range of validity; he is, moreover, admonished of the desira¬ 
bility of making estimates by more than one method, using basic 
data from different sources. 

This book includes compilations of data from numerous sources, 
and every effort has been made to give full credit where it is due. 
Inclusion of some previously unpublished material was made pos¬ 
sible by the generous cooperation of Mr. James P. Kneubuhl of 
the Fluor Corporation, Ltd., Mr. F. W. Laverty of the Clark 
Brothers Co., Inc., Mr. Stanley A. Tucker, Associate Editor of 
Electrical World and Mr. V. deP. Gerbereaux of the Worthington 
Pump and Machinery Corporation. Mr. M. H. Douthitt assisted 
materially in the preparation of the entire manuscript. Mr. 
William Soherr, the late Mr. J. L. Schlitt, Dr. M. C. Molstad, Mr. 
George H. Black, Mr. L. P. Rockenbach, Dr. G. B. Carpenter, and 
Mr. C. R. Williams have contributed valuable suggestions. Indebt¬ 
edness is acknowledged to the references given and to the various 
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individuals who have given assistance. Last, but not least, 
the generosity, of the management of Petroleum Chemicals, Inc., 
in granting permission to prepare and publish this book is 
appreciated. 

Suggestions for future improvement of the text will be 
welcomed. 

Loyal Clarke 

Roslyn, Pa. 

September, 1950 
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CHAPTER A 


PERSPECTIVE 

This chapter indulges in a discussion of the nature and philosophy 
of process engineering, presents some general references, and outlines 
the nomenclature used. 

1. Philosophical Notes 

a. Process Engineers and Definitions. —Philosophy and definitions 
are hopelessly intertwined. Tell me your definitions and I will tell 
you your philosophy. One ordinarily thinks of an engineer as one 
who deals with precisely defined terms suited for detailed analyses of 
problems. This is true, but it should not be overemphasized. As 
“go-between,” dealing with assistant operators and vice-presidents 
in charge of research, all engineers must put up with vaguely defined 
terms since the pipe fitter does not understand the precise terminology 
of engineering, and the plant superintendent—who does—refuses to be 
bothered. It is appropriate that this should be so. Very specific 
terms are essential for getting down to details; general terms are 
needed, if consideration of the broad aspects of a problem are not to 
be clouded by useless detail. To put it another way, engineering 
problems require flexible thinking, which is favored by the inclusion of 
flexible terms in the vocabulary. 

The division of science and engineering into various fields is 
necessary because a lifetime is insufficient for an individual to become 
conversant with more than a small fraction of the sum total of knowl¬ 
edge. It is also important that the division be a liberal one. An 
attempt to group into definite compartments would fail because many 
gaps would result. Moreover, the scientists and engineers would not 
tolerate such a restriction of their activities. It is better to define 
the centers of interest and allow each individual to expand in as many 
directions as his ability permits. 

The process engineer's principal duty is to translate the findings 
of the laboratory into a basic commercial plant design ready for the 
designers and estimators to complete the final mechanical design and 
cost estimates. His chief weapons are the slide rule, graph sheets, 
sketch pads, reference books, a sharp pencil, and his background of 
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experience, education, and common sense. A good education in 
chemical engineering is essential, and some additional mathematics, 
physics, chemistry, and mechanical engineering thrown in do no harm. 
Equally essential is common sense; process engineering is an art as 
well as a science. There are usually so many ways of manufacturing 
anything, that the engineer must confine his attention to only the 
most promising, in order to keep within the allotted time. 

b. Operating against Investment Costs.—Modem methods have 
progressed to the point where a plant may easily be overmechanized. 
The question of balance between investment and operating costs 
requires careful consideration. 

In public utilities, rates are usually set by commissions who base 
sales prices on just rates on capital invested. This, together with 
the stability of demand, favors high investments. In other industries 
the vagaries of market prices of raw materials and products often do 
not permit investment on a long-term basis so that a plant that cannot 
“pay out” in a short time is considered a doubtful venture. The 
sum of annual interest, depreciation, maintenance, taxes, and overhead 
charges made by the cost accountant is usually at 20 per cent of the 
gross capital outlay. In making very rough estimates, the costs of 
major items may be added together, but the sum will represent only 
a small fraction of the total outlay, which must include piping, wiring, 
sewers, foundations, yard structures, various construction overheads, 
etc. The inclusion of these items may more than triple the total. 

c. The Case for Inefficiency.—The process engineer, whether 
trained originally as a physicist, mechanical engineer, chemist, or 
chemical engineer, is a scientist and is inclined to make a fetish of 
efficiency. Frequently, therefore, he has the natural tendency always 
to choose apparatus and processes that give the highest engineering 
performance. The results achieved for each dollar expended is the 
true measure of industrial utility. By the choice of less efficient proc¬ 
esses or equipment, the investment cost may often be lowered with no 
alarming increase in operating cost. 

Consequently, the process engineer should avoid specifying heat 
exchangers with too close approach, steam turbines of very high 
efficiencies, etc. On the other hand, the use of added utilities also 
represents capital outlay in the power plant, water plant, and piping. 

d. Sizing of Equipment.—If plant equipment is oversized, the 
investment is unnecessarily large. If equipment is too small, produc¬ 
tion suffers. Since it is often impossible to state capacities exactly, 
reasonable factors of safety for different types of equipment must be 
adopted. These factors depend on the relative uncertainties involved 
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and on the costs of purchasing oversize equipment. They should, 
when possible, be adopted as a result of discussion between design 
engineers, process engineers, estimators, and those charged with 
operation. Only one thing will be stressed here: regardless of -he 
method used in choosing the factors of safety, a summary of them for 
each piece of equipment should be recorded in one place. Hidden 
factors of safety introduced by one member of the staff may be over¬ 
looked by others and thereby compounded. 

e. Process Control.—The process engineer can usually compute 
suitable flows for good operation. The whole process from there rises 
or falls on the ability to operate the plant at these flows. Conse¬ 
quently, simplicity in the control system and other factors favoring 
ease of operations are important considerations in choosing between 
competitive proposals. 

f. The Case for Efficiency.—The preceding comment stresses sim¬ 
plicity and low cost as factors of first importance. There is no intent 
to disparage efficiency. The modern trend has been toward ever- 
increasing performance factors. An inefficient plant is not likely to 
be competitive in present-day industry. Usually the management 
would be glad to spend 7 or 8 per cent more to secure a machine of 
5 per cent greater efficiency but would balk at double the cost. 

To be most successful, the plant must combine efficiency and sim¬ 
plicity. This sounds like a difficult assignment, and it is. Usually, 
solutions are available and will be found, provided the various engi¬ 
neers on the project have imagination and are ever conscious of the 
need of securing the best performance with economy. 

g. Process Calculations.—The first consideration is the over-all 
process: determining the quantity of products to be made and the 
raw materials required. This may be divided into a number of 
separate units. Finally, the process is broken down to unit operations. 
For many of these, standard equipment is employed, and methods of 
estimation based on theory and experience are available. These 
procedures are frequently sufficiently simple and standardized so that 
they may be employed without much knowledge of theory. 

When new types of equipment are encountered, recourse must be 
made to the basic chemical, physical, and engineering principles before 
it can be stated whether any of the standard methods are applicable. 
A surprising number of problems may be wholly or partly solved by 
(1) material balances, (2) energy balances, (3) consideration of equi¬ 
librium conditions at key points, and (4) equipment performance fac¬ 
tors. Material and energy balances are applicable to the whole 
process, any unit, any single piece of equipment, or any minute 
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operation. A consideration of the mechanism is necessary to deter¬ 
mine where close approaches to equilibrium are involved. Perform¬ 
ance factors are certain only when experimentally determined, though 
analogies to other types of equipment may afford a guide. The twins, 
trial and error, are a great nuisance, but without them process engineers 
would be helpless in cases where recycles between units make every¬ 
thing dependent on everything else. Frequently something must be 
assumed in order to get started. 

The process engineer should not complain because all roads are not 
paved. Rather he should rejoice that there are still frontiers affording 
the opportunity to use his ingenuity to the fullest extent. 

2. General References 

The beginning of each chapter gives a list of references pertaining 
to the particular subject. Here are listed some comprehensive texts 
which cover a number of fields of interest to process engineers. Only 
treatises in the English language are included. 

a. Guides to Chemical and Engineering Literature: 

Soule, “Library Guide for the Chemist,” McGraw-Hill Book Company, Inc., 
New York, 1938. 

Crane and Patterson, “A Guide to the Literature of Chemistry,” John Wiley & 
Sons, Inc., New York, 1927. 

“Chemical Abstracts,” published by the American Chemical Society, Washington, 
D. C. 

“British Chemical Abstracts,” published by the Chemical Society, London, 
England. 

“Engineering Index,” published by Engineering Index, Inc., New York. 

b. Chemistry and Physics: 

“International Critical Tables,” McGraw-Hill Book Company, Inc., New York. 
Hodgman, “Handbook of Chemistry and Physics,” published annually by the 
Chemical Rubber Co., Cleveland, Ohio. 

Lange, “Handbookof Chemistry,” 5th ed., Handbook Publishers, Sandusky, Ohio, 
1944. 

Birch, “Handbook of Physical Constants,” on minerals, etc., Geological Society 
of America, New York, 1942. 

Taylor and Glasstone, “Treatise of Physical Chemistry,” 3d ed., D. Van Nostrand 
Company, Inc., New York, 1942. 

Mellor, “A Comprehensive Treatise of Inorganic and Theoretical Chemistry,” 
Longmans, Green and Company, New York. 

Gilman, “Organic Chemistry,” 2 vols., John Wiley & Sons, Inc., New York, 1943. 
Doss, “Physical Properties of the Principal Hydrocarbons,” 4th ed., The Texas 
Co., New York, 1943. 

Berkman, Morrell, and Egloff, “Catalysis,” Reinhold Publishing Corporation, 
New York, 1940. 
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Dunstan, Nash, Brooks, and Tizard, “ Science of Petroleum,” Oxford University 
Press, New York, 1938. 

c. Industrial Chemistry: 

Shreve, “Chemical Process Industries,” McGraw-Hill Book Company, inc., 
New York, 1945. 

Furnas, “Roger's Manual of Industrial Chemistry,” 6th ed., 2 vols., D. Van Nos¬ 
trand Company, Inc., New York, 1942. 

Groggins, “Unit Processes in Organic Synthesis,” McGraw-Hill Book Company, 
Inc., New York, 1938. 

Hougen and Watson, “Industrial Chemical Calculations,” 2d ed., John Wiley & 
Sons, Inc., New York, 1936. 

Hougen and Watson, “Chemical Process Principles,” John Wiley & Sons, Inc., 
New York, 1943. 

Mantell, “Industrial Electrochemistry,” 2d ed., McGraw-Hill Book Company, 
Inc., New York, 1940. 

d. Chemical Engineering: 

Perry, “Chemical Engineers' Handbook,” 2d ed., McGraw-Hill Book Company, 
Inc., New York, 1941. 

Walker, Lewis, McAdams, and Gilliland, “Principles of Chemical Engineering,” 
3d ed., McGraw-Hill Book Company, Inc., New York, 1937. 

Badger and McCabe, “Elements of Chemical Engineering,” 2d ed., McGraw-Hill 
Book Company, Inc., New York, 1936. 

Badger and Baker, “Inorganic Chemical Technology,” 2d ed., McGraw-Hill Book 
Company, Inc., New York, 1941. 

Riegel, “Chemical Machinery,” Reinhold Publishing Corporation, New York, 
1944 

Tongue, “A Practical Manual of Chemical Engineering,” Chapman & Hall, Ltd., 
London, 1939. 

Vilbrandt, “Chemical Engineering Plant Design,” 2d ed., McGraw-Hill Book 
Company, Inc., New York, 1942. 

Zimmerman and Lavine, “Chemical Engineering Laboratory Equipment,” Indus¬ 
trial Research Service, Dover, N. H., 1943. 

Hesse and Rushton, “Chemical Equipment Design,” D. Van Nostrand Company, 
Inc., New York, 1944. 

e. Other Engineering Fields: 

Graf, “Gas Engineers' Handbook,” McGraw-Hill Book Company, Inc., New 
York, 1934. 

Knowlton, “Standard Handbook for Electrical Engineers,” 7th ed., McGraw-Hill 
Book Company, Inc., New York, 1941. 

Marks, “Mechanical Engineers' Handbook,” 4th ed., McGraw-Hill Book Com¬ 
pany, Inc., New York, 1941. 

Peele, “Mining Engineers' Handbook,” John Wiley & Sons, Inc., New York, 1941. 

Merriam-Wiggin, “Civil Engineers' Handbook,” John Wiley & Sons, Inc., New 
York, 1938. 

Kidder-Parker, “Architects and Builders Handbook,” John Wiley & Sons, Inc., 
New York, 1931. 
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f. Patent Law: 

Rossman, “The Law of Patents for Chemists,” Inventors Publishing Co., Washing¬ 
ton, D. C., 1932. 

Deller, “Principles of Patent Law for the Chemical and Metallurgical Industries,” 
Reinhold Publishing Corporation, New York, 1931. 

g. Cost Accounting and Estimation: 

Tyler, “Chemical Engineering Economics,” 2d ed., McGraw-Hill Book Company, 
Inc., New York, 1938. 

Lasser, “Handbook of Accounting Methods,” D. Van Nostrand Company, Inc., 
New York, 1943. 

h. Manufacturers: 

“Thomas’ Register,” published annually by the Thomas Publishing Co., New 
York. 

“Chemical Engineering Catalog,” published annually by Reinhold Publishing 
Corporation, New York. 

i. Miscellaneous: 

Rhodes, “Industrial Instruments for Measurement and Control,” McGraw-Hill 
Book Company, Inc., New York, 1941. 

Smith, “Automatic Control Engineering,” McGraw-Hill Book Company, Inc., 
New York, 1944. 

Tongue, “The Design and Construction of High Pressure Chemical Plant,” 
Chapman & Hall, Ltd., London, 1934. 

Dull, “Mathematics for Engineers,” 2d ed., McGraw-Hill Book Company, Inc., 
New York, 1941. 

Peirce, “A Short Table of Integrals,” 3d ed., Ginn and Company, Boston. 

Lipka, “Graphical and Mechanical Compilation,” John Wiley & Sons, Inc., New 
York, 1921. 

3. Nomenclature 

An effort has been made throughout the book to define the symbols 
used in each equation on the same or at least on an adjacent page. 
Below are listed the more frequent symbols used throughout the book. 
The standards of the American Institute of Chemical Engineers have 
been used as the general basis. However, several changes were found 
necessary to prevent confusion. 

A Work content (Helmholz free energy); absorption factor 
a Activity 

a Ostwald coefficient of (gas) solubility 

P Bunsen coefficient of (gas) solubility; ratio of orifice to pipe 
diameter 

C Coefficient of discharge for orifices and nozzles 
C p Heat capacity [Btu/(lb mole) (°F)] at constant pressure 
C v Heat capacity [Btu/(lb mole) (°F)] at constant volume 
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Cp Specific heat [Btu/(lb)(°F)] at constant pressure 
c v Specific heat lBtu/(lb)(°F)] at constant volume 
D Diameter (larger of two) 
d Diameter (smaller of two); differential operator 
A Prefixed to indicate that value is change accompanying some 
process ( i.e ., A p would be a pressure drop) 

E Efficiency 

e Base of natural logarithms = 2.718 
e Emissivity 
F Free energy (Lewis) 

/ Fanning friction factor; fugacity; functional relationship 
G Mass velocity; moles/hr 
g Acceleration due to gravity 

7 Ratio of specific heats at constant pressure, volume 
H Heat content (enthalpy); Henry’s-law constant in pressure units 
h Fluid head; heat content of liquid when gas = H 
I Liquid irrigation rate in packed columns 
J Mechanical equivalent of heat 

K Equilibrium constant for chemical reactions; coefficient of dis¬ 
charge from orifice including velocity of approach 
k Thermal conductivity; vaporization equilibrium constant — y/x 
L Latent heat of vaporization; length of pipe; mass (or mole) flow 
of liquid corresponding to G for gas in same system 
l Length or thickness 
M Flow of gas, standard cfm 
m Flow, gpm; molecular weight 
H Viscosity; Joule-Thomson coefficient 
N Rpm; mole fraction (liquid or gas) 
n Number (as number of theoretical plates) 
v Kinematic viscosity 
P Percentage 
p Pressure 

7 r Ratio of circle circumference to diameter = 3.1416 
Q Heat absorbed 
R Gas-law constant 
r Radius; compression ratio 
p Density 

S Entropy; specific gravity of gases (air =1); stripping factor; 
length of stroke 

s Specific gravity of liquids (water =1); entropy of liquid when 
gas = S 

T Absolute temperature (°R or °K) 
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t Relative temperature (°F or °C) 

U Intrinsic (internal) energy; over-all coefficient of heat transfer 
u Velocity; mean velocity 

V Volume 

W Weight flow 
w Work (done by system) 

X Mole ratio, liquids 
x Mole fraction in liquid 

Y Expansion factor (for gases through orifices); mole ratio, gases 
y Mole fraction in gas 

Z Height above datum plane 

z Compressibility factor in reduced equation of state 



CHAPTER B 


NUMERICAL AND MATHEMATICAL DATA 
1. Logarithms 

Table B-l gives four-place logarithms; Table B-2 gives four-place 
antilogarithms. Natural logarithms may be obtained by multi¬ 
plying the common logarithms (to base 10) by 2.3026. 

In x = (In 10) • log x 
— 2.3026 log x 

The table of antilogs may be used to evaluate exponentials as follows: 
10 * = 
e x = 


antilog x 
antilog 


(2.3020) 
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Table B-l.— Pour-place Logarithms 


N. 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Proportional 

parts 

1 

2 

3 

4 

5 

10 

0000 

0043 

0086 

0128 

0170 

0212 

0253 

0294 

0334 

0374 

4 

8 

12 

17 21 

11 

0414 

0453 

0492 

0531 

0569 

0607 

0645 

0682 

0719 

0755 

4 

8 

11 

15 

19 

12 

0792 

0828 

0864 

0899 

0934 

0969 

1004 

1038 

1072 

1106 

3 

7 

10 

14 

17 

13 

1139 

1173 

1206 

1239 

1271 

1303 

1335 

1367 

1399 

1430 

3 

6 

10 

13 

16 

14 

1461 

1492 

1523 

1553 

1584 

1614 

1644 

1673 

1703 

1732 

3 

6 

9 

12 

15 

15 

1761 

1790 

1818 

1847 

1875 

1903 

1931 

1959 

1987 

2014 

3 

6 

8 

11 

14 

16 

2041 

2068 

2095 

2122 

2148 

2175 

2201 

2227 

2253 

2279 

3 

5 

8 

11 

13 

17 

2304 

2330 

2355 

2380 

2405 

2430 

2455 

2480 

2504 

2529 

2 

5 

7 

10 

12 

18 

2553 

2577 

2601 

2625 

2648 

2672 

2695 

2718 

2742 

2765 

2 

5 

7 

9 

12 

19 

2788 

2810 

2833 

2856 

2878 

2900 

2923 

2945 

2967 

2989 

2 

4 

7 

9 

11 

20 

3010 

3032 

3054 

3075 

3096 

3118 

3139 

3160 

3181 

3201 

2 

4 

6 

8 

11 

21 

3222 

3243 

3263 

3284 

3304 

3324 

3345 

3365 

3385 

3404 

2 

4 

6 

8 

10 

22 

3424 

3444 

3464 

3483 

3502 

3522 

3541 

3560 

3579 

3598 

2 

4 

6 

8 

10 

23 

3617 

3636 

3655 

3674 

3692 

3711 

3729 

3747 

3766 

3784 

2 

4 

5 

7 

9 

24 

3802 

3820 

3838 

3856 

3874 

3892 

3909 

3927 

3945 

3962 

2 

4 

5 

7 

9 

25 

3979 

3997 

4014 

4031 

4048 

4065 

4082 

4099 

4116 

4133 

2 

3 

5 

7 

9 

26 

4150 

4166 

4183 

4200 

4216 

4232 

4249 

4265 

4281 

4298 

2 

3 

5 

7 

8 

27 

4314 

4330 

4346 

4362 

4378 

4393 

4409 

4425 

4440 

4456 

2 

3 

5 

6 

8 

28 

4472 

4487 

4502 

4518 

4533 

4548 

4564 

4579 

4594 

4609 

2 

3 

5 

6 

8 

29 

4624 

4639 

4654 

4669 

4683 

4698 

4713 

4728 

4742 

4757 

1 

3 

4 

6 

7 

30 

4771 

4786 

4800 

4814 

4829 

4843 

4857 

4871 

4886 

4900 

1 

3 

4 

6 

7 

31 

4914 

4928 

4942 

4955 

4969 

4983 

4997 

5011 

5024 

5038 

1 

3 

4 

6 

7 

32 

5051 

5065 

5079 

5092 

5105 

5119 

5132 

5145 

5159 

5172 

1 

3 

4 

5 

7 

33 

5185 

5198 

5211 

5224 

5237 

5250 

5263 

5276 

5289 

5302 

1 

3 

4 

5 

6 

34 

5315 

5328 

5340 

5353 

5366 

5378 

5391 

5403 

5416 

5428 

1 

3 

4 

5 

6 

35 

5441 

5453 

5465 

5478 

5490 

5502 

5514 

5527 

5539 

5551 

1 

2 

4 

5 

6 

36 

5563 

5575 

5587 

5599 

5611 

5623 

5635 

5647 

5658 

5670 

1 

2 

4 

5 

6 

37 

5682 

5694 

5705 

5717 

5729 

5740 

5752 

5763 

5775 

5786 

1 

2 

3 

5 

6 

38 

5798 

5809 

5821 

5832 

5843 

5855 

5866 

5877 

5888 

5899 

1 

2 

3 

5 

6 

39 

5911 

5922 

5933 

5944 

5955 

5966 

5977 

5988 

5999 

6010 

1 

2 

3 

4 

5 

40 

6021 

6031 

6042 

6053 

6064 

6075 

6085 

6096 

6107 

6117 

1 

2 

3 

4 

5 

41 

6128 

6138 

6149 

6160 

6170 

6180 

6191 

6201 

6212 

6222 

1 

2 

3 

4 

5 

42 

6232 

6243 

6253 

6263 

6274 

6284 

6294 

6304 

6314 

6325 

1 

2 

3 

4 

5 

43 

6335 

6345 

6355 

6365 

6375 

6385 

6395 

6405 

6415 

6425 

1 

2 

3 

4 

5 

44 

6435 

6444 

6454 

6464 

6474 

6484 

6493 

6503 

6513 

6522 

1 

2 

3 

4 

5 

45 

6532 

6542 

6551 

6561 

6571 

6580 

6590 

6599 

6609 

6618 

1 

2 

3 

4 

5 

46 

6628 

6637 

6646 

6656 

6665 

6675 

6684 

6693 

6702 

6712 

1 

2 

3 

4 

5 

47 

6721 

6730 

6739 

6749 

6758 

6767 

6776 

6785 

6794 

6803 

1 

2 

3 

4 

5 

48 

6812 

6821 

6830 

6839 

6848 

6857 

6866 

6875 

6884 

6893 

1 

2 

3 

4 

4 

49 

6902 

6911 

6920 

6928 

6937 

6946 

6955 

6964 

6972 

6981 

1 

2 

3 

4 

4 

50 

6990 

6998 

7007 

7016 

7024 

7033 

7042 

7050 

7059 

7067 

1 

2 

3 

3 

4 

51 

7076 

7084 

7093 

7101 

7110 

7118 

7126 

7135 

7143 

7152 

1 

2 

3 

3 

4 

52 

7160 

7168 

7177 

7185 

7193 

7202 

7210 

7218 

7226 

7235 

1 

2 

2 

3 

4 

53 

7243 

7251 

7259 

7267 

7275 

7284 

7292 

7300 

7308 

7316 

1 

2 

2 

3 

4 

54 

7324 

7332 

7340 

7348 

7356 

7364 

7372 

7380 

7388 

7396 

1 

2 

2 

3 

4 

N. 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 

2 

3 

4 

5 
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Table B-l. —Four-place Logarithms ( Continued ,) 


N. 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Proportional 

parts 

1 2 3 4 5 

55 

7404 

7412 

7419 

7427 

7435 

7443 

7451 

7459 

7466 

7474 

1 

2 

2 

3 4 

58 

7482 

7490 

7497 

7505 

7513 

7520 

7528 

7536 

7543 

7551 

1 

2 

2 

3 4 

57 

7559 

7566 

7574 

7582 

7589 

7597 

7604 

7612 

7619 

7627 

1 

2 

2 

3 4 

58 

7634 

7642 

7649 

7657 

7664 

7672 

7679 

7686 

7694 

7701 

1 

1 

2 

3 4 

59 

7709 

7716 

7723 

7731 

7738 

7745 

7752 

7760 

7767 

7774 

1 

1 

2 

3 4 

60 

7782 

7789 

7796 

7803 

7810 

7818 

7825 

7832 

7839 

7846 

1 

1 

2 

3 4 

61 

7853 

7860 

7868 

7875 

7882 

7889 

7896 

7903 

7910 

7917 

1 

1 

2 

3 4 

62 

7924 

7931 

7938 

7945 

7952 

7959 

7966 

7973 

7980 

7987 

1 

1 

2 

3 3 

63 

7993 

8000 

8007 

8014 

8021 

8028 

8035 

8041 

8048 

8055 

1 

1 

2 

3 3 

64 

8062 

8069 

8075 

8082 

8089 

8096 

8102 

8109 

8116 

8122 

1 

1 

2 

3 3 

65 

8129 

8136 

8142 

8149 

8156 

8162 

8169 

8176 

8182 

8189 

1 

1 

2 

3 3 

66 

8195 

8202 

8209 

8215 

8222 

8228 

8235 

8241 

8248 

8254 

1 

1 

2 

3 3 

67 

8261 

8267 

8274 

8280 

8287 

8293 

8299 

8306 

8312 

8319 

1 

1 

2 

3 3 

68 

8325 

8331 

8338 

8344 

8351 

8357 

8363 

8370 

8376 

8382 

1 

1 

2 

3 3 

69 

8388 

8395 

8401 

8407 

8414 

8420 

8426 

8432 

8439 

8445 

1 

1 

2 

3 3 

70 

8451 

8457 

8463 

8470 

8476 

8482 

8488 

8494 

8500 

8506 

1 

1 

2 

2 3 

71 

8513 

8519 

8525 

8531 

8537 

8543 

8549 

8555 

8561 

8567 

1 

1 

2 

2 3 

72 

8573 

8579 

8585 

8591 

8597 

8603 

8609 

8615 

8621 

8627 

1 

1 

2 

2 3 

73 

8633 

8639 

8645 

8651 

8657 

8663 

8669 

8675 

8681 

8686 

1 

1 

2 

2 3 

74 

8692 

8698 

8704 

8710 

8716 

8722 

8727 

8733 

8739 

8745 

1 

1 

2 

2 3 

75 

8751 

8756 

8762 

8768 

8774 

8779 

8785 

8791 

8797 

8802 

1 

1 

2 

2 3 

76 

8808 

8814 

8820 

8825 

8831 

8837 

8842 

8848 

8854 

8859 

1 

1 

2 

2 3 

77 

8865 

8871 

8876 

8882 

8887 

8893 

8899 

8904 

8910 

8915 

1 

1 

2 

2 3 

78 

8921 

8927 

8932 

8938 

8943 

8949 

8954 

8960 

8965 

8971 

1 

1 

2 

2 3 

79 

8976 

8982 

8987 

8993 

8998 

9004 

9009 

9015 

9020 

9025 

1 

1 

2 

2 3 

80 

9031 

9036 

9042 

9047 

9053 

9058 

9063 

9069 

9074 

9079 

1 

1 

2 

2 3 

81 

9085 

9090 

9096 

9101 

9106 

9112 

9117 

9122 

9128 

9133 

1 

1 

2 

2 3 

82 

9138 

9143 

9149 

9154 

9159 

9165 

9170 

9175 

9180 

9186 

1 

1 

2 

2 3 

83 

9191 

9196 

9201 

9206 

9212 

9217 

9222 

9227 

9232 

9238 

1 

1 

2 

2 3 

84 

9243 

9248 

9253 

9258 

9263 

9269 

9274 

9279 

9284 

9289 

1 

1 

2 

2 3 

85 

9294 

9299 

9304 

9309 

9315 

9320 

9325 

9330 

9335 

9340 

1 

1 

2 

2 3 

86 

9345 

9350 

9355 

9360 

9365 

9370 

9375 

9380 

9385 

9390 

1 

1 

2 

2 3 

87 

9395 

9400 

9405 

9410 

9415 

9420 

9425 

9430 

9435 

9440 

0 

1 

1 

2 2 

88 

9445 

9450 

9455 

9460 

9465 

9469 

9474 

9479 

9484 

9489 | 

0 

1 

1 

2 2 

89 

9494 

9499 

9504 

9509 

9513 

9518 

9523 

9528 

9533 

9538 

0 

1 

1 

2 2 

90 

9542 

9547 

9552 

9557 

9562 

9566 

9571 

9576 

9581 

9586 

0 

1 

1 

2 2 

91 

9590 

9595 

9600 

9605 

9609 

9614 

9619 

9624 

9628 

9633 

0 

1 

1 

2 2 

92 

9638 

9643 

9647 

9652 

9657 

9661 

9666 

9671 

9675 

9680 

0 

1 

1 

2 2 

93 

9685 

9689 

9694 

9699 

9703 

9708 

9713 

9717 

9722 

9727 

0 

1 

1 

2 2 

94 

9731 

9736 

9741 

9745 

9750 

9754 

9759 

9763 

9768 

9773 

0 

1 

1 

2 2 

95 

9777 

9782 

9786 

9791 

9795 

9800 

9805 

9809 

9814 

9818 

0 

1 

1 

2 2 

96 

9823 

9827 

9832 

9836 

9841 

9845 

9850 

9854 

9859 

9863 

0 

1 

1 

2 2 

97 

9868 

9872 

9877 

9881 

9886 

9890 

9894 

9899 

9903 

9908 

0 

1 

1 

2 2 

98 

9912 

9917 

9921 

9926 

9930 

9934 

9939 

9943 

9948 

9952 

0 

1 

1 

2 2 

99 

9956 

9961 

9965 

9969 

9974 

9978 

9983 

9987 

9991 

9996 

0 

1 

1 

2 2 

N. 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 

2 

3 4 5 
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Table B-2.— Antilogarithms 



0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Proportional 

parts 

1 2 3 4 5 

.00 

1000 

1002 

1005 

1007 

1009 

1012 

1014 

1016 

1019 

1021 

0 

0 

1 

1 1 

.01 

1023 

1026 

1028 

1030 

1033 

1035 

1038 

1040 

1042 

1045 

0 

0 

1 

1 1 

.02 

1047 

1050 

1052 

1054 

1057 

1059 

1062 

1064 

1067 

1069 

0 

0 

1 

1 1 

.03 

1072 

1074 

1076 

1079 

1081 

1084 

1086 

1089 

1091 

1094 

0 

0 

1 

1 1 

.04 

1096 

1099 

1102 

1104 

1107 

1109 

1112 

1114 

1117 

1119 

0 

1 

1 

1 1 

.05 

1122 

1125 

1127 

1130 

1132 

1135 

1138 

1140 

1143 

1146 

0 

1 

1 

1 1 

.06 

1148 

1151 

1153 

1156 

1159 

1161 

1164 

1167 

1169 

1172 

0 

1 

1 

1 1 

.07 

1175 

1178 

1180 

1183 

1186 1 

1189 

1191 

1194 

1197 

1199 

0 

1 

1 

1 1 

.08 

1202 

1205 

1208 

1211 

1213 

1216 

1219 

1222 

1225 

1227 

0 

1 

1 

1 1 

.09 

1230 

1233 

1236 

1239 

1242 

1245 

1247 

1250 

1253 

1256 

0 

1 

1 

1 1 

.10 

1259 

1262 

1265 

1268 

1271 

1274 

1276 

1279 

1282 

1285 

0 

1 

1 

1 1 

.11 

1288 

1291 

1294 

1297 

1300 

1303 

1306 

1309 

1312 

1315 

0 

1 

1 

1 2 

.12 

1318 

1321 

1324 

1327 

1330 

1334 

1337 

1340 

1343 

1346 

0 

1 

1 

1 2 

.13 

1349 

1352 

1355 

1358 

1361 

1365 

1368 

1371 

1374 

1377 

0 

1 

1 

1 2 

.14 

1380 

1384 

1387 

1390 

1393 

1396 

1400 

1403 

1406 

1409 

0 

1 

1 

1 2 

.15 

1413 

1416 

1419 

1422 

1426 

1429 

1432 

1435 

1439 

1442 

0 

1 

1 

1 2 

.16 

1445 

1449 

1452 

1455 

1459 

1462 

1466 

1469 

1472 

1476 

0 

1 

1 

1 2 

.17 

1479 

1483 

1486 

1489 

1493 

1496 

1500 

1503 

1507 

1510 

0 

1 

1 

1 2 

.18 

1514 

1517 

1521 

1524 

1528 

1531 

1535 

1538 

1542 

1545 

0 

1 

1 

1 2 

.19 

1549 

1552 

1556 

1560 

1563 

1567 

1570 

1574 

1578 

1581 

0 

1 

1 

1 2 

.20 

1585 

1589 

1592 

1596 

1600 

1603 

1607 

1611 

1614 

1618 

0 

1 

1 

1 2 

.21 

1622 

1626 

1629 

1633 

1637 

1641 

1644 

1648 

1652 

1656 

0 

1 

1 

1 2 

.22 

1660 

1663 

1667 

1671 

1675 

1679 

1683 

1687 

1690 

1694 

0 

1 

1 

2 2 

.23 

1698 

1702 

1706 

1710 

1714 

1718 

1722 

1726 

1730 

1734 

0 

1 

1 

2 2 

.24 

1738 

1742 

1746 

1750 

1754 

1758 

1762 

1766 

1770 

1774 

0 

1 

1 

2 2 

.25 

1778 

1782 

1786 

1791 

1795 

i 

' 1799 

1803 

1807 

1811 

1816 

1 0 

1 

1 

2 2 

.26 

1820 

1824 

1828 

1832 

1837 

1841 

1845 

1849 

1854 

1858 

0 

1 

1 

2 2 

.27 

1862 

1866 

1871 

1875 

1879 

1884 

1888 

1892 

1897 

1901 

0 

1 

1 

2 2 

.28 

1905 

1910 

1914 

1919 

1923 

1928 

1932 

1936 

1941 

1945 

1 0 

1 

1 

2 2 

.29 

1950 

1954 

1959 

1963 

1968 

1972 

1977 

1982 

1986 

1991 

0 

1 

1 

2 2 

.30 

1995 

2000 

2004 

2009 

2014 

2018 

2023 

2028 

2032 

2037 

0 

1 

1 

2 2 

.31 

2042 

2046 

2051 

2056 

2061 

2065 

2070 

2075 

2080 

2084 

0 

1 

1 

2 2 

.32 

2089 

2094 

2099 

2104 

2109 

2113 

2118 

2123 

2128 

2133 

0 

1 

1 

2 2 

.33 

2138 

2143 

2148 

2153 

2158 

2163 

2168 

2173 

2178 

2183 

0 

1 

1 

2 2 

.34 

2188 

2193 

2198 

2203 

2208 

2213 

2218 

2223 

2228 

2234 

1 

1 

2 

2 3 

.35 

2239 

2244 

2249 

2254 

2259 

2265 

2270 

2275 

2280 

2286 

1 

1 

2 

2 3 

.36 

2291 

2296 

2301 

2307 

2312 

2317 

2323 

2328 

2333 

2339 

1 

1 

2 

2 3 

.37 

2344 

2350 

2355 

2360 

2366 

2371 

2377 

2382 

2388 

2393 

1 

1 

2 

2 3 

.38 

2399 

2404 

2410 

2415 

2421 

2427 

2432 

2438 

2443 

2449 

1 

1 

2 

2 3 

.39 

2455 

2460 

2466 

2472 

2477 

2483 

2489 

2495 

2500 

2506 j 

1 

1 

2 

2 3 

.40 

2512 

2518 

2523 

2529 

2535 

2541 

2547 

2553 

2559 

2564 

1 

1 

2 

2 3 

.41 

2570 

2576 

2582 

2588 

2594 

2600 

2606 

2612 

2618 

2624 , 

1 

1 

2 

2 3 

.42 

2630 

2636 

2642 

2649 

2655 

2661 

2667 

2673 

2679 

2685 1 

1 

1 

2 

2 3 

.43 

2692 

2698 

2704 

2710 

2716 

2723 

2729 

2735 

2742 

2748 

1 

1 

2 

2 3 

.44 

2754 

2761 

2767 

2773 

2780 

2786 

2793 

2799 

2805 

2812 

1 

1 

2 

3 3 

.45 

2818 

2825 

2831 

2838 

2844 

2851 

2858 

2864 

2871 

2877 

1 

1 

2 

3 3 

.46 

2884 

2891 

2897 

2904 

2911 

2917 

2924 

2931 

2938 

2944 

1 

1 

2 

3 3 

.47 

2951 

2958 

2965 

2972 

2979 

2985 

2992 

2999 

3006 

3013 

1 

1 

2 

3 3 

.48 

3020 

3027 

3034 

3041 

3048 

3055 

3062 

3069 

3076 

3083 

1 

1 

2 

3 3 

.49 

3090 

3097 

3105 

3112 

3119 

3126 

3133 

3141 

3148 

3155 

1 

1 

2 

3 4 


0 - 
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5 

6 
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8 
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Table B-2. —Antilogarithms ( Continued ) 



0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Proportional 

parts 

12 3 1 5 

.50 

3162 

3170 

3177 

3184 

3192 

3199 

3206 

3214 

3221 

3228 

1 

1 

2 

3 

4 

.51 

3236 

3243 

3251 

3258 

3266 

3273 

3281 

3289 

3296 

3304 

1 

1 

2 

3 

4 

.52 

3311 

3319 

3327 

3334 

3342 

3350 

3357 

3365 

3373 

3381 

1 

1 

2 

3 

4 

.53 

3388 

3396 

3404 

3412 

3420 

3428 

3436 

3443 

3451 

3459 

1 

2 

2 

3 

4 

.54 

3467 

3475 

3483 

3491 

3499 

3508 

3516 

3524 

3532 

3540 

1 

2 

2 

3 

4 

.55 

3548 

3556 

3565 

3573 

3581 

3589 

3597 

3606 

3614 

3622 

1 

2 

2 

3 

4 

.56 

3631 

3639 

3648 

3656 

3664 

3673 

3681 

3690 

3698 

3707 

1 

2 

2 

3 

4 

.57 

3715 

3724 

3733 

3741 

3750 

3758 

3767 

3776 

3784 

3793 

1 

2 

3 

3 

4 

.58 

3802 

3811 

3819 

3828 

3837 

3846 

3855 

3864 

3873 

3882 

1 

2 

3 

3 

4 

.59 

3890 

3899 

3908 

3917 

3926 

3936 

3945 

3954 

3963 

3972 

1 

2 

3 

4 

5 

.60 

3981 

3990 

3999 

4009 

4018 

4027 

4036 

4046 

4055 

4064 

1 

2 

3 

4 

5 

.61 

4074 

4083 

4093 

4102 

4111 

4121 

4130 

4140 

4150 

4159 

1 

2 

3 

4 

5 

.62 

4169 

4178 

4188 

4198 

4207 

4217 

4227 

4236 

4246 

4256 

1 

2 

3 

4 

5 

.63 

4266 

4276 

4285 

4295 

4305 

4315 

4325 

4335 

4345 

4355 

1 

2 

3 

4 

5 

.64 

4365 

4375 

4385 

4395 

4406 

4416 

442b 

4436 

4446 

4457 

1 

2 

3 

4 

5 

.65 

4467 

4477 

4487 

4498 

4508 ! 

4519 

4529 

4539 

4550 

4560 

1 

2 

3 

4 

5 

.66 

4571 

4581 

4592 

4603 

4613 

4624 

4634 

4645 

4656 
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1 

2 

3 
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5 

.67 
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4688 
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4721 

4732 

4742 
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2 

3 

4 

5 

.68 

4786 

4797 

4808 

4819 

4831 

4842 

4853 

4864 

4875 

4887 

1 

2 

3 

5 

6 

.69 

4898 

4909 

4920 

4932 

4943 

4955 

4966 

4977 

4989 

5000 

1 

2 

3 

5 

6 

.70 
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5023 

5035 

5047 

5058 

5070 
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5093 

5105 

5117 
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3 
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6 

.71 
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5236 
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6 
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2 

4 

5 

6 

.73 
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5383 
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5445 
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5483 

1 

3 

4 

5 

6 

.74 

5495 

5508 

5521 

5534 

5546 

5559 

5572 

5585 

5598 

5610 

i 1 

3 

4 

5 

6 

.75 

5623 

5636 

5649 

5662 

5675 

5689 

5702 

5715 

5728 

5741 

1 1 

3 

4 

5 

7 

.76 

5754 

5768 

5781 

5794 

5808 

5821 

5834 

5848 

5861 

5875 

1 

3 

4 

5 

7 

.77 

5888 

5902 

5916 

5929 

5943 

5957 

5970 

5984 

5998 

6012 

1 

3 

4 

5 

7 

.78 

6026 

6039 

6053 

6067 

6081 

6095 

6109 

6124 

6138 

6152 

1 

3 

4 

6 

7 

.79 

6166 

6180 

6194 

6209 

6223 

6237 

6252 

6266 

6281 

6295 

. 1 

3 

4 

6 

7 

.80 

6310 

6324 

6339 
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6368 

6383 

6397 

6412 

6427 

6442 

' 1 

3 

4 

6 

7 

.81 

6457 

6471 
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6516 

6531 

6546 

6561 

6577 

6592 

2 

3 

5 

6 

8 

.82 
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6622 

6637 

6653 

6668 
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6745 
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5 

6 

8 
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6761 
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8 
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2. Powers of Numbers 

Figure B-l permits the approximate estimation of powers and 
roots. Because of the large number of operations that can be per¬ 



formed on this single chart, it is likely to be confusing at first. Famil¬ 
iarity with it, however, will disclose its true simplicity. 

3. Formulas for Area 


Circle: j X (diameter) 2 = 0.7854 (diameter) 2 


7T X (radius) 2 = 3.1416 (radius) 2 
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Rectangle: Width X length. 

Triangles: 

Right angle = ^ product of two sides adjacent to right angle 
Equilateral = 0.4330 X (side) 2 
Surface of sphere: 3.1416 (diameter) 2 

4. Formulas for Volume 

Sphere: g (diameter) 3 = 0.5236 (diameter) 3 

Regular prism: Area of base X altitude 

Cone: (diameter) 2 X altitude 

Cylindrical tanks: See Tables B-3, B-4, and Fig. B-2. 

Table B-3.—Gallons per Inch of Depth in Vertical Cylindrical Tanks 

Diameter 

Ft In. 

___ 

0 123456789 10 11 


Gallons per inch 


o 







0 

. 12 

0 

.17 

0 

.22 

0 

.28 

0 

.34 

0 41 

1 

0 

.49 

0 

.58 

0 

.67 

0 

.77 

0 

.87 

0 

.98 

1 

.10 

1 

.23 

1 

.36 

1 

.50 

1 

.65 

1.80 

2 

1 

.96 

2 

.12 

2 

.30 

2 

.48 

2 

.67 

2 

.86 

3 

.06 

3 

.27 

3 

.48 

3 

.70 

3 

.93 

4.16 

3 

4 

.41 

4 . 

.66 

4 

.91 

5 

.17 

5 

.44 

5 

.72 

6 

.00 

6 

.29 

6 

.58 

6 

.88 

7 

.20 

7.51 

4 

7 

.85 

8 

.16 

8 

.50 

8 

.84 

9 

.19 

9 

.55 

9 

.91 

10 , 

.28 

10 

.66 

11 

.05 

11 

.44 

11.84 

5 

12 

.24 

12 . 

.65 

13 , 

.07 

13 

.50 

13 

.93 

14 

.36 

14 

.81 

15 . 

.26 

15 

.72 

16 

.19 

16 

.66 

17.14 

6 

17 

.63 

18 . 

.12 

18 . 

.62 

19 , 

.12 

19 

.64 

20 , 

,16 

20 , 

.69 

21 . 

.22 

21 

.76 

22 

.31 

22 

.86 

23.42 

7 

24 

.0 

24 . 

6 

25 . 

.2 

25 , 

,7 

26 

.3 

26 , 

,9 

27 , 

.5 

28 . 

3 

28 

.1 

29 , 

.4 

30 

.0 

30.7 

8 

31 . 

.3 

32 . 

0 

32 . 

6 

33 

.3 

34 

.0 

34 . 

,7 

35 . 

.4 

36 . 

1 

36 

.8 

37 . 

.5 

38 . 

.2 

38.9 

9 

39 , 

.6 

40 . 

4 

41 . 

1 

41 . 

,9 

42 . 

.6 

43 . 

4 

44 . 

,2 

45 . 

0 

45 , 

.8 

46 , 

.5 

47 . 

.4 

48.2 

10 

49 . 

0 

49 . 

8 

50 . 

6 

51 . 

4 

52 . 

3 

53 . 

1 

54 . 

0 

54 . 

8 

55 . 

7 

56 . 

6 

57 . 

5 

58.4 

11 

59 . 

2 

60 . 

1 

61 . 

0 

62 . 

0 

62 . 

9 

63 . 

8 

64 . 

8 

65 . 

7 

66 . 

6 

67 . 

6 

68 . 

6 

69.5 

12 

70 . 

3 

71 . 

5 

72 . 

5 

73 . 

5 

74 . 

5 

75 . 

5 

76 . 

5 

77 . 

5 

78 . 

6 

79 . 

6 

80 . 

6 

81.7 

13 

82 . 

7 

83 . 

8 

84 . 

9 

86 . 

0 

87 . 

0 

88 . 

1 

89 . 

2 

90 . 

3 

91 . 

4 

92 . 

6 

93 . 

7 

94.8 

14 

96 . 

0 

97 . 

1 

98 . 

3 

99 . 

4 

100 . 

6 

101 . 

8 

102 . 

9 

104 . 

1 

105 . 

3 

106 . 

5 

107 . 

7 

108.9 



Table B-4.— Capacities of Horizontal Cylindrical Tanks in U.S. Gallons 
(Contents given for 1 ft of length, flat ends) 

(Perry, “Chemical Engineers' Handbook," 2d ed., McGraw-Hill Book Company, Inc., New York, 1941) 
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Table B-4.—Capacities of Horizontal Cylindrical Tanks in U.S. Gallons ( Continued) 
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Gallons 

Constructed from Doolittle Formula, Ind. Eng. Chem., March, 1928. 

V (both ends) = 0.0009328h 2 (3r - h), gal. 
h = depth, in. 
r = radius of tank, in. 

In curves D = diameter of tank, ft 

Fig. B-2.—Volumes of (two) bulged or dished ends of horizontal cylindrical tanks. 
{Perry, “Chemical Engineers' Handbook " 2d ed., McGraw-Hill Book Company, Inc., 
New York, 1941.) This chart is to be used in conjunction with Table B-4 to secure 
volumes of horizontal tanks with dished ends. 
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5. Integrals and Differentials 


Table B-5. —Differentials and Integrals 


Function, / 

Derivative, 

’ ax 

Integral, ff dx 

ax 

a 

a t 

2 X 

ax n 

anx n_1 

ax n+l . . 

— 7—z (unless n = —1) 
w f 1 

uv 

dv . du 
u - 5 — f- v —j— 
dx dx 


u 

V 

du dv 

V dx~ U dx 
v 2 


a 

bx + c j 

ab 

(bx 4 - c) 2 

| In (bx 4 c) 

1 

b + 2cx 

2 tfln -4_ 2c * + 6 -A 

a + bx + cx 2 

1 

(a 4- bx 4- cx 2 ) 2 

■y/4 ac — 6 2 \\Z4ac — b 2 / 

or, 

2 /2cx 4- b — V& 2 — 4ac\ 

V& 2 — 4ac V2cx 4“ b 4 — 4ac/ 

go* 

ae ax 

- 

a 

a bx 

ba bx In (bx) 

a bx 

b In (6x) 

In ax 

a 

X 

x In ax — x 

log ax 

a 

2.30259X 

X , X 

2.30259 10g aX 2.30259 


Note: In x = logarithm of x to the base e 
log x = logarithm of x to the base 10 
tan -1 x — principal angle, in radians, whose tangent is x 


6. Approximations 

(1 ± a) n = 1 ± na (when a is small) 

(1 ± a) m ( 1 ± 6) n = 1 ± ma ± nb (when a and b are small) 

-\/rrm = n y" — (when m — n is small) 

Z 

For small angles expressed in radians: 

0 = sin 0 = tan 0 






CHAPTER C 

CONVERSION TABLES 


The engineer constantly uses a wide variety of units in his calcu¬ 
lations. This chapter gives data for the interconversion of units fre¬ 
quently used by American chemists and engineers. No effort hag 
been made to include units in common usage in other countries or tc 
comment on small differences between different versions of the same 
unit. For very precise work it is, of course, necessary to specify the 
particular variety of calorie, Btu, watt, volt, etc., that is used. 

The tables and figures presented in this chapter are listed below: 


Fundamental constants. 

Atomic weights. 

Length equivalents.. 

Volume equivalents. 

Weight equivalents. 

Temperature conversion. 

Energy equivalents. 

Specific heat, entropy. 

Pressure equivalents. 

Viscosities. 

Thermal conductivity. 

Density and specific gravities 
Mole and weight fractions 


Table C-l 

Table C-2 

Table 0-3 

Table C-4 

Table C-5 

Tables C-6 to C-8 

Table C-9 

Table C-10 

Table C-ll, Fig. C-l 

Tables C-12, C-13, Fig. C-2 

Table C-14 

Tables C-15, C-16 

Fig. C-3 


Table C-l.—F undamental Constants 
Perfect gas-law constant, R*- 


Faraday constant. 

Mechanical equivalent of heat, t J 

Standard atmosphere X . 

Temperature of melting ice. 

Acceleration due to gravity, g : 

Standard value. 

0° latitude. 

20° latitude. 

40° latitude 
60° latitude 
80° latitude 

(Correction for altitude 
sea level) 


1.987 Btu/(lb mole)(°R) 

1,543 ft-lb/Ob mole)(°R) 

96,500 int. coulombs/g equivalent 
12,160 amp-hr/lb equivalent 

778.1 ft-lb/Btu 

14.696 psi 
491.7°R 

32.17 ft/(sec) 2 

32.09 

32.11 

32.16 

32.22 

32.25 

ft/(sec) s for each 1,000 ft above 


-0.003 


* See Table E-l. 
t See Table C-9. 
j See Fig. C-l. 
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Table C-2.—Atomic Weights of Elements 


(Values adopted by the International Committee on Atomic Weights, 1942) 


Name 

Symbol 

Atomic 
weight ^ 

Name 

Symbol 

Atomv 

weight 

Aluminum. 

A1 

26.97 

Molybdenum. 

Mo 

95.95 

Antimony. 

Sb 

121.76 

Neodymium. 

Nd 

144.27 

Argon. 

A 

39.944 

Neon. 

Ne 

20.183 

Arsenic. 

As 

74.91 

Nickel. 

Ni 

58.69 

Barium. 

Ba 

137.36 

Nitrogen. 

N 

14.008 

Beryllium. 

Be 

9.02 

Osmium. 

Os i 

190.2 

Bismuth. 

Bi 

209.00 

Oxygen. 

O 

16.000 

Boron. 

B 

10.82 

Palladium. 

Pd 

106.7 

Bromine. 

Br 

79.916 

Phosphorus. 

P 

30.98 

Cadmium. 

Cd 

112.41 

Platinum. 

Pt 

195.23 

Calcium. 

Ca 

40.08 

Potassium. 

K 

39.096 

Carbon. 

C 

12.01 

Praseodymium . .. 

Pr 

140.92 

Cerium. 

Ce 

140.13 

Protoactinium.... 

Pa 

231 

Cesium. 

Cs 

132.91 

Radium. 

Ra 

226.05 

Chlorine. 

Cl 

35.457 

Radon (niton).... 

Rn 

222 

Chromium. 

Cr 

52.01 

Rhenium. 

Re 

186.31 

Cobalt. 

Co 

58.94 

Rhodium. 

Rh 

102.91 

Columbium. 

Cb 

92.91 

Rubidium. 

Rb 

85.48 

CoDoer. 

Cu 

63.57 

Ruthenium. 

Ru 

101.7 

Dysprosium. 

Dy 

162.46 

Samarium. 

Sm 

150.43 

Erbium. 

Er 

167.2 

Scandium. 

Sc 

45.10 

Europium. 

Eu 

152.0 

Selenium. 

Se 

78.96 

Fluorine. 

F 

19.000 

Silicon. 

Si 

28.06 

Gadolinium. 

Gd 

156.9 

Silver. 

Ag 

107.880 

Gallium. 

Ga 

69.72 

Sodium. 

Na 

22.997 

Germanium. 

Ge 

72.60 

Strontium. 

Sr 

87.63 

Gold. 

Au 

197.2 

Sulphur. 

s 

32.06 

Hafnium. 

Hf 

178.6 

Tantalum. 

Ta 

180.88 

Helium. 

He 

4.003 

Tellurium. 

Te 

127.61 

Holmium. 

Ho 

164.94 

Terbium. 

Tb 

159.2 

Hydrogen. 

H 

1.0080 

Thallium. 

T1 

204.39 

Indium. 

In 

114.76 

Thorium. 

Th 

232.12 

Iodine. 

I 

126.92 

Thulium. 

Tm 

169.4 

Iridium. 

Ir 

193.1 

Tin. 

Sn 

118.70 

Iron. 

Fe 

55.85 

Titanium. 

Ti 

47.90 

Krypton. 

Kr 

83.7 

Tungsten. 

W 

183.92 

Lanthanum. 

La 

138.92 

Uranium. 

U 

238.07 

Lead. 

Pb 

207.21 

Vanadium. 

V 

50.95 

Lithium. 

Li 

6.940 

Xenon. 

Xe 

131.3 

Lutecium. 

Lu 

174.99 

Ytterbium 

Yb 

173.04 

Magnesium. 

Mg 

24.32 

Yttrium. 

Y 

88.92 

Manganese. 

Mn 

54.93 

Zinc. 

Zn 

65.38 

Mercury. 

Hg 

200.61 

Zirconium. 

Zr 

91.22 
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Table C-3.— Length Equivalents 


Inches 

Feet 

! 

Yards 

Meters 

i 

0.08333 

0.02778 


12 

1 

0.3333 

mBm 

36 

3 

1 

Hite 

39.37 

3.281 

1.0936 

i 


1 chain = 66 ft 1 mile = 5,280 ft 1 rod = 16.5 ft 
1 nautical mile = 6,080.2 ft 1 fathom = 6 ft 
Example: 1 m = 39.37 in. 


Table C-4.— Volume Equivalents 


1 

Cu in. 

Cu ft 

U.S. apothe¬ 
cary oz 

U.S. gal 

Liters 

1,000 

0.5787 

554 

4.329 

16.39 

1,728 

1 

957.5 

7.481 

28.32 

1,805 

1.044 

1,000 

7.813 

29.57 

231 

0.1337 

128 

1 

3.785 

61.02 

0.03531 

33.81 

0.2642 

1 


1 gal = 4 qt = 8 pt 
1 petroleum bbl = 42 gal 

1 1 = 1,000.027 cc 
1 imperial gal = 1.2 U.S. gal 

Example: 1 oz = = 1.805 cu in. 


Table C-5.— Weight Equivalents 
1 lb avoirdupois » 16 oz (avdp) = 453.6 g = 7,000 grains 
1 short ton = 2,000 lb = 0.9072 metric ton 
1 long ton = 2,240 lb = 1.016 metric tons 
1 metric ton = 2,205 lb = 1,000 kg 
1 lb troy or apothecary = 12 oz troy or apothecary 
= 0.8229 lb avoirdupois 
« 373.2 g 
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Table C-6. Conversion Table: Degrees Centigrade to Degrees 

Fahrenheit 
°F = 1.8 X °C + 32 


°c 

0 

10 

20 

30 

40 

50 

60 

70 

] 80 

90 

r ■" 



F 

F 

F 

F 

F 

F 

F 

F 

F 

F 



-200 

-328 

-346 

-364 

-382 

-400 

-418 

-436 

-454 





-100 

-148 

-166 

-184 

-202 

-220 

-238 

-256 

-274 

-292 

-310 



-0 

+32 

+ 14 

-4 

-22 

-40 

-58 

-76 

-94 

-112 

-130 



0 

32 

50 

68 

86 

104 

122 

140 

158 

176 

194 

°C 

°F 

100 

212 

230 

248 

266 

284 

302 

320 

338 

356 

374 

1 

1.8 

200 

392 

410 

428 

446 

464 

482 

500 

518 

536 

554 

2 

3.6 

300 

572 

590 

608 

626 

644 

662 

680 

698 

716 

734 

3 

5.4 

400 

752 

770 

788 

806 

824 

842 

860 

878 

896 

914 

4 

7.2 

500 

932 

950 

968 

986 

1004 

1022 

1040 

1058 

1076 

1094 

5 

9.0 

600 

1112 

1130 

1148 

1166 

1184 

1202 

1220 

1238 

1256 

1274 

6 

10.8 

700 

1292 

1310 

1328 

1346 

1364 

1382 

1400 

1418 

1436 

1454 

7 

12.6 

800 

1472 

1490 

1508 

1526 

1544 

1562 

1580 

1598 

1616 

1634 

8 

14.4 

900 

1652 

1670 

1688 

1706 

1724 

1742 

1760 

1778 

1796 

1814 

9 

16.2 

1000 

1832 

1850 

1868 

1886 

1904 

1922 

1940 

1958 

1976 

1994 

10 

18.0 

1100 

1200 

1300 

2012 

2192 

2372 

2030 

2210 

2390 

2048 

2228 

2408 

2066 

2246 

2426 

2084 

2264 

2444 

2102 

2282 

2462 

2120 

2300 

2480 

2138 

2318 

2498 

2156 

2336 

2516 

2174 

2354 

2534 





1400 

2552 

2570 

2588 

2606 

2624 

2642 

2660 

2678 

2696 

2714 



1500 

2732 

2750 

2768 

2786 

2804 

2822 

2840 

2858 

2876 

2894 



1600 

2912 

2930 

2948 

2966 

2984 

3002 

3020 

3038 

3056 

3074 

°F 

°C 

1700 

3092 

3110 

3128 

3146 

3164 

3182 

3200 

3218 

3236 

3254 

1 

0.56 

1800 

3272 

3290 

3308 

3326 

3344 

3362 

3380 

3398 

3416 

3434 

2 

1.11 

1900 

3452 

3470 

3488 

3506 

3524 

3542 

3560 

3578 

3596 

3614 

3 

1.67 

2000 

3632 

3650 

3668 

3686 

3704 

3722 

3740 

3758 

3776 

3794 

4 

C 

2.22 

2.78 












0 

2100 

3812 

3830 

3848 

3866 

3884 

3902 

3920 

3938 

3956 

3974 

6 

3.33 

2200 

3992 

4010 

4028 

4046 

4064 

4082 

4100 

4118 

4136 

4154 



2300 

4172 

4190 

4208 

4226 

4244 

4262 

4280 

4298 

4316 

4334 

7 

3.89 












8 

4.44 

2400 

4352 

4370 

4388 

4406 

4424 

4442 

4460 

4478 

4496 

4514 

9 

5.00 

2500 

4532 

4550 

4568 

4586 

4604 

4622 

4640 

4658 

4676 

4694 



2600 

4712 

4730 

4748 

4766 

4784 

4802 

4820 

4838 

4856 

4874 

10 

5.56 












11 

6.11 

2700 

4892 

4910 

4928 

4946 

4964 

4982 

5000 

5018 

5036 

5054 

12 

6.67 

2800 

5072 

5090 

5108 

5126 

5144 

5162 

5180 

5198 

5216 

5234 



2900 

5252 

5270 

5288 

5306 

5324 

5342 

5360 

5378 

5396 

5414 

1 Q 













io 

7.22 

3000 

5432 

5450 

5468 

5486 

5504 

5522 

5540 

5558 

5576 

5594 

14 

7 78 












ID 

0.00 

3100 

5612 

5630 

5648 

5666 

5684 

5702 

5720 

5738 

5756 

5774 



3200 

5792 

5810 

5828 

5846 

5864 

5882 

5900 

5918 

5936 

5954 

16 

8.89 

3300 

5972 

5990 

6008 

6026 

6044 

6062 

6080 

6098 

6116 

6134 

17 

9.44 

3400 

6152 

6170 

6188 

6206 

6224 

6242 

6260 

6278 

6296 

6314 

18 

10.00 

3500 

6332 

6350 

6368 

6386 

6404 

6422 

6440 

6458 

6476 

6494 



3600 

6512 

6530 

6548 

6566 

6584 

6602 

6620 

6638 

6656 

6674 



3700 

6692 

6710 

6728 

6746 

6764 

6782 

6800 

6818 

6836 

6854 



3800 

6872 

6890 

6908 

6926 

6944 

6962 

6980 

6998 

7016 

7034 



3900 

7052 

7070 

7088 

7106 

7124 

7142 

7160 

7178 

7196 

7214 



°C 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 




Examples: 1347°C - 2444°F + 12 6°F - 2456.6°F 
3367°F - 1850°C + 2.78°C = 1852.78°C 





24 


MANUAL FOR PROCESS ENGINEERING 


Table C-7.—Conversion Table: Degrees Fahrenheit to Degrees 

Centigrade 




Examples: -246.0°F - -151.11°C - 3.33°C - -154.44°C 


2423.5°F - 1326.66°C + 1.66«C + 0.27°C « 1328.61°C 
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Table C-8.—-Conversion of Degrees Kelvin to Degrees Rankine 
Degrees Fahrenheit 
°R = 1.8 X °K = 459.7 + °F 


Kelvin, °K 

Rankine, °R 

1 

Fahrenheit, °F 

100 

180 

-280 

150 

270 

-190 

200 

360 

. -100 

250 

450 

-10 

273.16 

491.7 

32 

298.16 

536.7 

77 

300 

540 

80 

350 

630 

170 

373.16 

671.7 

212 

400 

72^ 

260 

450 

810 

350 

500 

900 

440 

550 

990 

530 

600 

1080 

620 

650 

1170 

710 

700 

1260 

800 

750 

1350 

890 

800 

1440 

980 

900 

1620 

1160 

1000 

1800 

1340 

1100 

1980 

1520 

1200 

2160 

1700 

1250 

2250 

1790 

1300 

2340 

1880 

1400 

2520 

2060 

1500 

2700 

2240 

1600 

2880 

2420 

1700 

3060 

2600 

1750 

3150 

2690 

1800 

3240 

2780 

1900 

3420 

2960 

2000 

3600 

3140 

2100 

3780 

3320 

2200 

3960 

3500 

2250 

4050 

3590 

2300 

4140 

3680 

2400 

4320 

3860 

2500 

4500 

4040 

2750 

4950 

4490 

3000 

5400 

4940 


Note: Fahrenheit temperatures given are rounded to nearest degree. 


AND 
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Table C-9.— Energy Equivalents 


Ft-lb 

Hp-hr 

Kw-hr 

Kg-meters 

Joules 
(10 7 ergs) 

Btu 

Kg-cal 

1,000,000 

0.5051 

0.3766 

138,300 

1,356,000 

1286 

324.1 

1,980,000 

1 

0.7457 

273,750 

2,684,500 

2544 

641.7 

2,655,000 

1.341 

1 

367,100 

3,600,000 

3415 

860.0 

723,300 

0.3653 

0.2724 

100,000 

980,600 

929.6 

234.4 

737,600 

0.3725 

0.2778 

101,970 

1,000,000 

948.6 

239 

778,100 

0.3930 

0.2928 

107,500 

1,054,000 

1000 

252 

308,600 

0.1558 

0.1162 

42,690 

418,300 

396.8 

100 


1 watt — 1 joule/sec = 0.7370 ft-lb/sec 
1 metric hp = 0.9863 hp 
1 therm = 100,000 Btu 


Example: 1 joule =* ^ qqq qqq = 0 7370 ft-lb 


Table C-10.— Specific Heat and Entropy Equivalents 


Units of 

Equivalents 

Specific heat 

Entropy 

Btu/(lb)(°F). 

Btu/(lb)(°R). 

1 

0.2390 

Cal/(e)(°C). 

Cal/(g)(°K). 

1 

0.2390 

Joule/(g)(°C). 

Joule/(g)(°K). 

4.183 

1 




Table C-ll.— Pressure Equivalents 


Atm. 

Psi 

Kg/sq cm 

Megabars 

Columns of 
mercury at 32°F 

Columns of 
water at 60°F 

M 

In. 

In. 

Ft 

1 


1.033 

1.013 

0.760 

29.92 

407.2 

33.93 

0.0680 

1 

0.0703 

0.06895 

0.05171 

2 036 

27.70 

2.309 

0.968 

14.22 

1 

0.9807 

0.7355 

28.96 

394 

32.84 

EEH 


1.020 

1 

0.750 

29.53 

402 

33.48 

1.316 

19.34 

1.360 

1.333 

1 

39.37 

536 

44.64 

0.03342 

0.4912 

0.03453 

0.03386 

0.0254 

1 

13.61 

1.134 

0.00246 

0.0361 

0.00254 

0.00249 

0.00187 

0.0735 

1 

0.0833 

0.0295 

0.4332 

0.0304 

0.0299 

0.0224 

0.8819 

12 

1 


1 psi = 144 psf — 2304 oz/sq ft 
j Example: 1 kg/sq cm = 0.968 atm 

Note: Absolute pressure — gauge pressure atmospheric pressure (see Fig. 
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Height Above Sea Level In Thousands of Feet 
Fig. C-l.— Barometric pressures at different altitudes. 


Table C-12.—Viscosity Equivalents 


Poises = dyne - SeC 
sq cm 

Kg-sec 
sq m 

Lb 

ft-sec 

Lb-sec 
sq ft 

1 

0.0102 

0.0672 

0.00209 

98 

1 

6.59 

0.205 

14.88 

0.152 

1 

0.0311 

4.78 

4.88 

32.2 

1 


1 lb/ft-sec = 3,600 Ib/ft-hr 1 lb-hr/sq ft = 3,600 lb-sec/s^ ft 


1 poise = 100 centipoises =0.1 kg/m-sec 
Examples: 1 centipoise = poise = ^qq ’ or 0.000672 lb/ft-sec 

1 i4 CQ 

1 lb/ft-hr = 3^0 lb/ft-sec = or 0.00413 poise 


Table C-13.—Kinematic Viscosity Scales 
Scale Equation (approx) 

180 

Saybolt Universal*. v “ 0- 22 * y 

1,800 

Saybolt Furol* “ " ** ni 


V = - = 2.2 1 - ■ t 
p l 


Redwood. v ~ ^ 


171.5 


t 

jli n 0 _. 2,000 

Redwood Admiralty. v — ~ ~ v.J7t ^ 

p „ t 374 

Engler. " = p = 01474 -T 


Note: v = kinematic viscosity, centistokes 

p = viscosity, centipoises 
p = density, g/cc 
t = time of standard flow, sec. 


♦See Fig. C-2. 
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2000 - 
1500 - 

1000 * 
800 ■ 

600- 

500' 

400- 

300- 


At 10,000 


■5000 

-4000 

J-3000 
1 “ 

\ ~r 2000 
: I 

t -1500 v 


£ 200 


150 *± 


>00 

80 

60 

50 

40 




30 -t 


• 1000$ 

■750 ; 


I o 
-500 « 

^--400 % 

B-300 « 
-250 c 
■200 


150 



E-2000 


: iooo 
-800 

-600 

-500 

[-400 

h 300 
1-200 


100 jg- 
- 80 v 

■60 c 
■50 ^ 

"40 

■30 | 
-20 + 


r 6 
-5 
h4 
•3 

-2 

H 


This chart solves the formula: 

v =/,/,>= o.m - ifso/t 

v = kinematic viscosity, centistokes 
^ = viscosity, centipoises 
p * density g./cc. or specific gravity 
t= Saybolt Universal,seconds 

Note: Chart may also be used for Saybolt Furol 
by multiplying centistoke and centipoise 
scales by 10. 

For example : 500 S.F.S.= 10x110 
= 1100 centistokes. 


1.3 - 

1.2 


'•' 1-0 


0.9 -3f 


i < 

20 jjj 

30 S' 
o 
40 

50^ 
60 o 




* 0.7 -if- 70 


Q6- 


a5- 


Fiq. C-2.- 


-Viscosity conversion chart. ( Reproduced, by permission of Product Engi¬ 
neering.) 


Table C-14.— Thermal Conductivity Equivalents 


Btu 

Btu 

Cal 

Watts 

(hr)(sq ft)(°F/ft) 

(hr)(sq ft)(°F/in.) 

(sec)(sq cm)(°C/cm) 

(sq cm)(°C/cm) 

1 

12 

0.004134 

0.01728 

0.0833 

1 

0.0003445 

0.001440 

241.9 

2903 

1 

4.183 

57.83 

694.0 

0.2391 

1 


Example: 1 watt/(sq cm) (°C/cm) = 57.83 Btu/(hr)(sq ft)(°F/ft). 
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Table C-15.— Density Equivalents 


G 

Lb 

Lb 

Short tons 

Lb 

cu cm 

cu in. 

cu ft 

cu yd 

U.S. gal 

1 

0.03613 

62.43 

0.8428 

8.345 

27.68 

1 

1,728 

23.33 

231 

1.602 

0.05787 

100 

1.350 

13.37 

1.186 

0.04286 

74.07 

1 

9.902 

1.198 

0.04329 

74.81 

1.010 

10 


Example: 1 lb/gal = - 1 V r- = 7.481 Ib/cu ft. 


Examples: 


I- 


UULU 


(1) Given M B /M a = 4.3 ana w A * 0.41,then x A = 0.75 

(2) Given M B /M A s 8-6 and w A * 0.91,then x A s 0.988 (high scales) 

(3) Given M B /M A * 1.93 and x A = 0.44, then w A * 0.29 

Mr/Ma. Ratio of Molecular Weights 

2 3 4 5 6 7 8 9 10 

. i I . i i 11 i i 111.. .Ml .iiliiiiiiiM l|iimmliiiiymlmniiiJimliiiilniitiniliiillilillillljnilluilhm| 


Equation: 

Wa 

. Ma 

* A= W A + C l-w A ) 

Ma M b 
R ead x A and w A on same 
side of scale 
0.10 0.20 


1 


1(3) 


I 

i 

/(l) 


/ 

/ 

1 ( 2 ) 

/ 


I I 

x Al Mole Fraction of A (Intermediate Range) 
0.30 1 040 050 0.60 0.70 , 080 090 


1 1 ■.. 11 mli m ii’iiliii^i.nlnnlniiliinhilJtlII f I HI 111 n Him 1-1.- 


/0.95 

-U- 


0.98 


x A (low Range) I 
| I I 1 1 |l ll l ' |IIH ' | l lll| l 11 M | l |l| 1 1 r' . ' l ' l l ll| 111T|TTTT|Ti|HpTTT| 

001 005 O10 02 03 Q4 \05 0.6 


i'i i l i|i l m l |iiMi|N |l l | ^ l | L 


Mill 


■Mill 


f | 1 1111! 111111 I I | I' 1“ 

/ 0.8 0.90 095 

0.4/ 05 0.6 

nl /m I m i l in 11 1, WrAUi 


x A (High Range) 

^pTTTTT i—r 


/0.99 0.0999 

/ 0.7 Oil 

Llj-uJj. 


t , l„.|' < | l , l | /l| | , | , | ^ | | | lT U -UL-| 


Q99 


OlOI 005 0.10 . a8 ° 0:90 095 

w A) Weight Fraction of A 

Fig. C-3.—Conversion of weight fractions to mole fractions. (Bridget, Chem. and 
Met. Eng., August, 1937.) 
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Table C-16. —Conversion Table: Specific Gravity to Degrees Baum:G, 
Degrees American Petroleum Institute, Degrees Twaddell, 
Pounds per Gallon, and Pounds per Cubic Foot 
Specific gravity at 60°F relative to water at 60°F 

= sp gr (60/60) = 62.4 lb/cu ft = 8.34 lb/U.S. gal 
145 

Degrees Baum6 = °B6 = 145-(heavier than water) 

° sr» err 


=-130 (lighter than water) 

sp gr 

Degrees American Petroleum Institute = °API = — 131.5 

° sn err 


Degrees Twaddell = °Tw = 200 X (sp gr — 1) 

(Perry, “Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, 
Inc., New York, 1941) 


Sp gr 

°B6 

°A.P.I. 

Lb/gal 

Lb/cu ft 

Sp gr 

°B6 

°A.P.I. 

Lb/gal 

Lb/cu ft 

0.600 

103.33 

104.33 

5.0025 

37.4219 

0.800 

45.00 

45.38 

6.6700 

49.8959 

0.605 

101.41 

102.38 

5.0442 

37.7338 

0.805 

43.91 

44.28 

6.7116 

50.2077 

0.610 

99.51 

100.47 

5.0858 

38.0456 

0.810 

42.84 

43.19 

6.7533 

50.5196 

0.615 

97.64 

98.58 

5.1275 

38.3575 

0.815 

41.78 

42.12 

6.7950 

50.8315 

0.620 

95.80 

96.73 

5.1692 

38.6693 

0.820 

40.73 

41.06 

6.8367 

51.1433 

0.625 

94.00 

94.90 

5.2109 

38.9812 

39.2930 

0.825 

39.70 

40.02 

6.8784 

51.4552 

0.630 

92.22 

93.10 

5.2526 

0.830 

38.67 

38.98 

6.9201 

51.7670 

0.635 

90.47 

91.33 

5.2943 

39.6049 

0.835 

37.66 

37.96 

6.9618 

52.0789 

0.640 

88.75 

89.59 

5.3360 

39.9167 

0.840 

36.67 

36.95 

7.0034 

52.3907 

0.645 

87.05 

87.88 

5.3776 

40.2286 

0.845 

35.68 

35.96 

7.0451 

52.7026 






0.850 

34.71 

34.97 

7.0868 

53.0144 

0.650 

85.38 

86.19 

5.4193 

40.5404 

0.855 

33.74 

34.00 

7.1285 


0.655 

83.74 

84.53 

5.4610 

40.8523 

53.3263 

0.660 

82.12 

82.89 

5.5027 

41.1641 

0.860 

32.79 

33.03 

7.1702 

53.6381 

0.665 

80.53 

81.28 

5.5444 

41.4760 

0.865 

31.85 

32.08 

7.2119 

53.9500 

0.670 

78.95 

79.69 

5.5861 

41.7878 

0.870 

30.92 

31.14 

7.2536 

54.2618 



0.875 

30.00 

30.21 

7.2953 

54.5737 

0.675 

0.680 

0.685 

0.690 

0.695 

77.41 

75.88 

74.38 

72.90 

71.44 

78.13 

76.59 

75.07 

73.57 

72.10 

5.6278 

5.6695 

5.7111 

5.7528 

5.7945 

42.0997 

42.4115 

42.7234 

43.0352 

43.3471 

0.880 

0.885 

0.890 

0.895 

0.900 

29.09 

28.19 

27.30 

26.42 

25.56 

29.30 

28.39 

27.49 

26.60 

25.72 

7.3369 

7.3786 

7.4203 

7.4620 

7.5037 

54.8855 
55.1974 
55.5092 
55.8211 
56.1329 

0.700 

0.705 

0.710 

0.715 

0.720 

70.00 

68.58 

67.18 

65.80 

64.44 

70.64 

69.21 

67.80 

66.40 

65.03 

5.8362 

5.8779 

5.9196 

5.9613 

6.0030 

43.6589 

43.9708 

44.2826 

44.5945 

44.9063 

0.905 

0.910 

0.915 

0.920 

0.925 

24.70 

23.85 

23.01 

22.17 

21.35 

24.85 

23.99 

23.14 

22.30 

21.47 

7.5454 

7.5871 

7.6288 

7.6704 

7.7121 

56.4448 

56.7566 

57.0685 

57.3803 

57.6922 

0.725 

0.730 

63.10 

61.78 

63.67 

62.34 

6.0446 

6.0863 

45.2182 

45.5300 

0.930 

0.935 

20.54 

19.73 

20.65 

19.84 

7.7538 

7.7955 

58.0040 
58 3159 

0.735 

0.740 

0.745 

60.48 

59.19 

57.92 

61.02 

59.72 

58.43 

6.1280 

6.1697 

6.2114 

45.8419 
46.1537 
46.4656 

0.940 

0.945 

0.950 

18.93 

18.15 

17.37 

19.03 

18.24 

17.45 

7.8372 

7.8789 

7.9206 

58.6277 

58.9396 

59.2514 

0.750 

56.67 

57.17 

6.2531 

46.7774 

0.955 

16.60 

16.67 

7.9623 

59.5633 

0.755 

55.43 

55.92 

6.2948 

47.0893 

0.960 

15.83 

15.90 

8.0039 

59.8751 

0.760 

54.21 

54.68 

6.3365 

47.4011 

0.965 

15.08 

15.13 

8.0456 

60.1878 

0.765 

53.01 

53.47 

6.3781 

47.7130 

0.970 

14.33 

14.38 

8.0873 

60.4980 

0.770 

51.81 

52.27 

6.4198 

48.0248 

0.975 

13.59 

13.63 

8.1290 

60.8107 

0.775 

50.65 

51.08 

6.4615 

48.3367 

0.980 

12 86 

12.89 

8.1707 

61.1225 

0.780 

49.49 

49.91 

6.5032 

48.6485 

0.985 

12.13 

12.15 

8.2124 

61.4344 

0.785 

48.34 

48.75 

6.5449 

48.9604 

0.990 

11.41 

11.43 

8.2541 

61.7462 

0.790 

47.22 

47.61 

6.5866 

49.2722 

0.995 

10.70 

10.71 

8.2958 

62.0581 

0.795 

46.10 

46.49 

6.6283 

49.5841 

1.000 

10.00 

10.00 

8.3374 

62.3699 
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Table C-16. Conversion Table: Specific Gravity to Degrees Baum£, 
Degrees American Petroleum Institute, Degrees Twaddell, 
Pounds per Gallon, and Pounds per Cubic Foot (Coni- lued) 
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Table C-16.—Conversion Table: Specific Gravity to Degrees Baum£, 
Degrees American Petroleum Institute, Degrees Twaddell, 
Pounds per Gallon, and Pounds per Cubic Foot ( Concluded) 






















































































CHAPTER D 

PHYSICAL AND MECHANICAL PROPERTIES 

The start of all engineering work rests on a knowledge of the prop¬ 
erties of the materials used. Consequently, various properties are 
discussed in almost every chapter of this book. This chapter gives 
liquid densities and references to physical data presented in other 
chapters; a few mechanical properties of selected construction mate¬ 
rials; and finally, a brief treatment of corrosion. Because of the 
extensive amount of information an engineer is likely to require, no 
one source book can be entirely adequate. Below are listed a number 
of useful compilations and reference books. 

“International Critical Tables,” McGraw-Hill Book Company, Inc., New York. 
Hodgman, “Handbook of Chemistry and Physics,” published annually by the 
Chemical Rubber Publishing Co., Cleveland, Ohio. 

Lange, “Handbook of Chemistry,” 5th ed., Handbook Publishers, Sandusky, 
Ohio, 1944. 

Perry, “Chemical Engineer Handbook,” 2d ed., McGraw-Hill Book Company, 
Inc., New York, 1941. 

Marks, “Mechanical Engineers' Handbook,” 4th ed., McGraw-Hill Book Com¬ 
pany, Inc., New York, 1941. 

Seidell, “Solubilities of Inorganic and Metal Organic Compounds,” 3d ed., 1940; 
and “Solubilities of Organic Compounds,” 3d ed., 1941, D. Van Nostrand 
Company, Inc., New York. 

Brady, “Materials Handbook,” 5th ed., McGraw-Hill Book Company, Inc., 
New York, 1944. 

“The Metals Handbook,” published annually by the American Society of Metals, 
Cleveland, Ohio. 

Warner, “Chemistry of Engineering Materials,” 4th ed., McGraw-Hill Book 
Company, Inc., New York, 1942. 

Moore, “Textbook of the Materials of Engineering,” 6th ed., McGraw-Hill Book 
Company, Inc., New York, 1941. 

Materials of Construction, Chern. & Met . Eng., September, 1944. 

Jeffries and Archer, “The Science of Metals,” McGraw-Hill Book Company, Inc., 
New York, 1924. 

Hoyt, “Metals and Alloys Data Book,” Reinhold Publishing Corporation, New 
York, 1943. 

Speller, “Corrosion: Causes and Prevention,” 2d ed., McGraw-Hill Book Com¬ 
pany, Inc., New York, 1935. 

Rawdon, “Protective Metallic Coatings,” Chemical Catalog Company, Inc., 
New York, 1928. 

Sauveur, “Metallography and Heat Treatment of Iron and Steel,” 4th ed., 
McGraw-Hill Book Company, Inc., New York, 1935. 
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Norton, “Refractories,” 2d ed., McGraw-Hill Book Company, Inc., New York, 
1942. 

Holtman, “Wood Construction,” McGraw-Hill Book Company, Inc., New York, 
1929. 

Spalding, Hyde, and Robinson, “ Masonry Structures,” 2d ed., John Wiley & Sons, 
Inc., New York, 1926. 

Taylor and Thompson, “Concrete Plain and Reinforced,” 3d ed., John Wiley & 
Sons, Inc., New York, 1916. 

Delmonte, “Plastics in Engineering,” Penton Publishing Company, Cleveland, 
1939. 

Simonds and Bigelow, “The New Plastics,” D. Van Nostrand Company, Inc., 
New York, 1945. 


1. Physical Properties of Process Materials 

a. Densities of Liquids. —Values are given in chart form for a 
number of materials. A list of the figures follows: 


Density of: 

Light hydrocarbon liquids. Fig. D-l 

Typical petroleum products. Fig. D-2 

Miscellaneous liquids.. . Fig. D-3 

Heavy liquids. Fig. D-4 

Water. Fig. D-5 

Ethyl alcohol solutions. Fig. D-6 

Sulphuric acid. Fig. D-7 

Oleum. Fig. D-8 

Nitric acid. Fig. D-9 

Hydrochloric acid. Fig. D-10 

Phosphoric acid. Fig. D-ll 

Sodium carbonate solutions (soda ash). Fig. D-12 

Caustic soda solutions. Fig. D-13 

Potassium carbonate solution. Fig. D-14 

Aqua ammonia.Fig. D-l5 


Also Fig. E-4 in the next chapter permits the estimation of liquid 
densities at various temperatures from a single value. Tables E-13 
to E-18 give specific volumes of water, carbon dioxide, propane, and 
ammonia. (The density in pounds per cubic foot is the reciprocal of 
the specific volume.) Tables H-7 and H-12 give density data on 
liquid fuels. 

Densities of liquid mixtures may, according to the laws of perfect 
solution, be computed by assuming no volume change on mixing; that 
is, additive volumes: 


v 

1 

P 


Pi 

100 

Pi 


, P 2 , 

V 1 + Taa V 2 + 


+ 


100 

p 2 


+ 


100 

Ps 


i>3 + 


lQOpi ' 100 P 2 100 ps 


+ 
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where v = specific volume of mixture 
Vi, v 2j Vz = specific volume of components 1, 2, 3 
p = density of mixture 
Pi, P 2 , P3 = density of components 1, 2, 3 
Pi, P 2 , Pz = weight per cent of components 1, 2 3 

For hydrocarbon mixtures at moderate pressures this rule works 
fairly well. Similarly, it is likely to work for mixtures of closely 
allied liquids. However, many solutions do not follow the rule, which, 
therefore, should be used with caution, particularly in the case of 
water solutions. 

b. Other Properties. —Data are scattered throughout the book in 
connection with subjects for which the particular properties are most 
important. However, as no phy. ical datum is the exclusive property 
of any one subject, the principal tables and figures are listed in the 
accompanying tabulation. 


Physical property 

Tables 

Figures 

Compressibility factors (reduced equation of 



state). 


E-l to E-3 

Liquid density, estimation of. 


E-4 

Specific heats: 



Gases. 

E-3 

E-5 to E-9 

Solids. 

E-5, E-ll 


Liquids. 

E-6 

E-15 

Solutions. 

E-8 to E-10 


Sensible heats: 



Gases. 


E-10 to E-14 

Solids. 

E-4 


Petroleum liquids. 

E-7 


Vapor pressures. 

H-12 

E-16 to E-18, H-5 

Heats of vaporization. 

E-12 

E-19 

Thermodynamic properties: 



Steam. 

1 E-13 to E-15 


Propane. 

E-16 

E-20 

Ammonia. 

E-17 

E-21 

CaTbon dioxide. 

E-18 


Air. 

M-l 


Heats of formation. 

E-19, E-20 


Heats of combustion: 



Gases. 

H-9 to H-ll 


Solids. 

H-2 to H-4 

H-l 

Liquids. 

H-7, H-12 

H-4 

Viscosities: 



Gases. 

F-2, F-3 

F-2 to F-4 

liquids. 

F-l 

F-l, F-4 

Heat conductivity. 

D-2, G-4, G-5 


Atomic weights. 

C-2 


Critical temperatures and pressures. 

E-2 
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References to Original Data 

Nat. Bur. Stands. Cire. 410 (1936). (Oils 65-100° A. P. I. 0° to 90°F, oils 55-65° 
A. P. I. 0° to 125°F.) 

Sage and Lacey, Ind. Eng. Chem. 34 , 730 (1942). (n-Pentane, 100° to 387°F.) 

Stearns and George, Ind. Eng. Chem. 35, 602 (1943). (Propane, —80° to 200°F.) 
Edwards, Refrigerating Eng. % August, 1944. (Ethane up to 90°F.) 

York and White, Trane. Am. Inst. Chem. Engre. 40 , 227 (1944). (Ethylene up to 
48°F.) 

Carney, Proc., 21st Annual Convention of the Natural Gasoline Association of America, 
1942. (Propane, t-Butane, n-Butane, i-Pentane, n-Pentane, three mixtures and 
three natural gasolines. Temperature range, —50 to 140°F.) 


Fiq. D-l.—Densities of light hydrocarbon liquids. 



Temperature Degrees F. 
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References to Original Data: 

National Bureau of Standards, 

Circular 410 (1936). (data 0-l25°F., 
Lighter Oils; 0” 195° F., Heavier Oils) 
Jessup, Bureau of Standards Jour. Res., 
5,985 (1930). (Gives Data from 20°-800°F, 
for Oils of Different Gravities and 
Viscosities. Effect of Pressure also Given) 


Note: This chart 
reproduces chosen data 
with accuracy. 

However oils with same 
density at room temperature 
may differ in density at 500°F. 
by 6% or more. Also liquids 


\n AO 


compressed to 700 lb. per sq. 
in. will be £ to 4% denser than 
at atmospheric pressure 


Fig. D-2.—Density of typical liquid petroleum products. 



Density, Pounds per Gallon 
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Note; Chart is reasonably accurate except 
near the critical temperature 


© Acetic acid 


Methyl acetate 
° Ethyl acetate 
Methyl 0 o° ©Benzene 

chloride Ethyl chloride 


Q Nitrous 

oxide 


Methyl alcohol 
Acetone o © o 

Ethyi alcohol 

Ethyl ether 0 
Hydrocyanic acid ° 


Ammonia © 



Fig. D-3.—Densities of miscellaneous liquids. (Based on data from Perry, “ Chem 
ical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, Inc., New Yorl 
1941; Lange, ‘‘Handbook of Chemistry,” 3d ed., Handbook Publishers, Sanduskj 
Ohio, 1939.) 



Temperature, Deg.F. 


PHYSICAL AND MECHANICAL PROPERTIES 


39 



oCarbon tetrachloride 
0 Chloroform 


Chlorine 

oo 

Sulfur dioxide 


oDichloromethane 
QEthylene chloride 


O Dich loro- 


diflu oro- 


methane 


Note: Chart is reasonably accurate except 
near the critical temperature 



Fig. D-4.—Densities of heavy liquids. [Based on data from Perry, “Chemical 
Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, Inc., New York; Mc¬ 
Govern, Ind. Eng. Chem. 35 , 1230 (1943).] 


Density,Lb.per Gallon 



Density, Pounds per Gallon 
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Density,Pounds per Cubic Foot 









Temperature, Dcg.F. 
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Fig. D-6.—Densities of ethyl alcohol water mixtures. 


Density, Lb. per Gallon 
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Example: A sample of sulphuric acid is tested with an hydrometer at 46°C and 
shows a specific gravity of 1.490 (47.5°B6). It is desired to find the specific gravity 
at the standard temperature of 15°C (59°F). Using a straightedge, connect the 
observed temperature, 46°C, with the density read from the hydrometer, 47.5°Be, and 
extend the line to the scale showing density at 15°C, cutting the scale at a specific 
gravity of 1.516 (49.1°B6). To determine the physical properties of the acid corre¬ 
sponding with this density, extend a horizontal line from the point 1.516 on the cor¬ 
rected density scale, to the right, cutting the several scales showing the constants for 
this acid, corrected to 15°C. 

The sample is thus found to contain 50 per cent SO3, 61.3 per cent H2SO4, and the 
equivalent of 78.5 per cent of 60°, and 98.0 per cent of 50°B6 acid. It contains 758 
g of SO 3 per liter, 928 g of 100 per cent H2SO4, and the equivalent of 1,189 g of 60° 
and 1,488 g of 50°B6 acid per liter. Its boiling point is 144°C. 

Warning: Interconversion data for acids of 95 per cent to 100 per cent H2SO4 will be 
found in Fig. D-8 dealing with oleum. The present chart is too restricted to permit 
the desired accuracy in this range. 

* For pounds per cubic foot, divide by 16.02. 

t For degrees Fahrenheit, multiply by 1.8 and add 32. 

Fiq. D-7.—Nomographic chart for temperature correction of sulphuric acid densities. 

(Berl, Chem. and Met. Eng., January, 1939.) 
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Example: A sample of oleum is titrated against N/5 NaOH, using 0.360 g of oleum 
and requiring 39.61 cc. of NaOH solution. With a straightedge, connect 0.360 on the 
left scale with 39.61 on the center scale and extend the line to 35.0 per cent free SO# 
on the first scale at the right. A horizontal line through this point shows that the 
sample contains 88.06 per cent total SO 3 , 65.0 per cent free H 2 SO 4 , and 107.9 per cent 
total H 2 SO 4 . Its melting point is 25.8°C (78.4°F), its boiling point about 107°C 
(225°F) and its specific gravity at 15°C (59°F) about 1.967. The chart may similarly 
be used for sulphuric acid of strengths from 95 to 100 per cent. 

The small nomograph is useful for making temperature corrections of the Baum6 of 
H2SO4 of 65 to 66°. For example, as shown by the dashed line, acid measured as 
65.5°B6 at 22°C is of 65.77°B6 when corrected to 15°C. 

* For degrees Fahrenheit, multiply by 1.8 and add 32. 

Fig. D-8. —Nomographic chart for calculating oleum analyses and for interconverting 
physical data of oleum. (fieri, Chem. and Met. Eng ., March , 1939.) 
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Example: A sample of nitric acid is tested with an hydrometer at 24°C and is found 
to have a specific gravity of 1.255 (29.3°B6). It is desired to find the specific gravity 
at the standard temperature of 15°C (59°F). Using a straightedge connect the 
observed temperature, 24°, with the density read from the hydrometer, 29.3°B5, and 
extend the line to the scale showing density at 15°C, cutting the scale at a specific 
gravity of 1.265 (30.2°B6). To determine the physical properties of the acid corre¬ 
sponding with this density, extend a horizontal line from the point 1.265 on the corrected 
density scale to the right, cutting the several scales showing the constants for this acid, 
corrected to 15°C. 

The sample is thus found to contain 42.1 per cent HNOa, 36.1 per cent N 2 O 5 , and the 
equivalent of 79.8 per cent of 36°B5 acid, 68.1 of 40° acid and 43.2 per cent of 48^° 
acid. Each cubic centimeter contains 0.531 g of HNOa, 0.457 g of N 2 O 5 , and the 
equivalent of 1.009 g of 36°B6 acid, 0.861 g of 40° acid and 0.546 g of 48)^° acid. 

* For pounds per cubic foot, multiply by 62.428. 

Fig. D-9. —Nomographic chart for temperature correction of nitric acid density. 
(fieri, Chem. and Met . Eng., April, 1939.) 
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Example: A sample of hydrochloric acid is tested with a hydrometer at 36 C and 
shows a specific gravity of 1.135 (17.2°B6). It is desired to find the specific gravity 
at the standard temperature of 15°C (59°F). Using a straightedge, connect the 
observed temperature, 36°, with the density read from the hydrometer, 17.2 Bfe, and 
extend the line to the scale showing density corrected to 15°C, cutting the scale at a 
specific gravity of 1.1473 (18.55°B6). To determine the physical properties of the 
acid corresponding with this density, extend a horizontal line to the right, cutting the 
several scales showing the constants for this acid. . 

The sample is thus found to contain 29.1 per cent HC1 and the equivalent of 103.3 
per cent of 18°, 97 per cent of 19°, 90.6 per cent of 20°, 86.4 per cent of 21 , and 82.1 per 
cent of 22°B6 acid. It contains 334 g of 100 per cent HC1 per liter, and the equivalent 
of 1,185 g of 18°, 1,113 g of 19°, 1,039 g of 20°, 990 g of 21°, and 941 g of 22 B6 acid per 
liter. 


* For pounds per cubic foot, divide by 16.02. 


Fig. D-10.—Nomographic chart for temperature correction of hydrochloric add 
densities. (Berl, Chem. and Met. Eng., June , 1939.) 
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Example: A sample of phosphoric acid is tested with a hydrometer at 32°C (89.6°F) 
and shows a specific gravity of 1.705 (59.7°B6). To find the specific gravity at the 
standard temperature of 15°C (59°F), with a straightedge connect the observed 
temperature, 32°, with the observed specific gravity, 1.705, and extend the line to the 
corrected density scale, cutting the latter at 1.717 specific gravity (60.3°B6). To 
determine the physical properties of the acid corresponding with this density, extend a 
horizontal line to the right, cutting the several scales showing the constants for this 
acid. The acid is thus found to contain 87.2 per cent H3PO4 and the equivalent of 
63.2 per cent of P2O6. In each liter are 1,498 g of 100 per cent HsPCh and the equivalent 
of 1,087 g of P2O5. 

* For pounds per cubic foot, divide by 16.02. 


Fig. D-ll.—Nomographic chart for temperature correction of phosphoric acid densities. 
(Berl, Chem. and Met. Eng., July , 1939.) 
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This chart differs from other ones in this series in that the correction scales are in 
two parts, one for corrections to a standard temperature of 15°C and the other for 
corrections to 30°C. The two sections of the chart are separated by the heavy black 
line which divides the vertical scales at the right. Solutions of more than 1.150 sp gr 
become supersaturated above 15°C. Hence, for solutions below 1.150 sp gr use the 
lower scales with a standard temperature of 15°C. For solutions above 1.150 sp gr 
use the upper scales with a standard temperature of 30°C. 

Examples: A solution of soda ash tested with a hydrometer at 40°C shows a specific 
gravity of 1.120 (15.45°B6). It is desired to find the specific gravity corrected to 
15°C (59°F), and also the composition and the grams per liter (kilograms per cubic 
meter) in terms of Na 2 CC >3 (soda ash) and Na2CC>3.10 H 2 O (sal soda). With a straight 
edge connect the observed temperature, 40°, with the observed density, 1.120 sp gr, 
and extend the line to the scale for density corrected to 15°C, cutting the latter at 
1.131 sp gr (16.7°B6). To determine the physical properties corresponding to this 
corrected density, extend a horizontal line from 1.131 to the right. The sample is thus 
found to contain 12.2 per cent NasCCh and 33.0 per cent Na2CC>3.10 H 2 O. It contains 
138 g per 1 (kg per cu m) of Na 2 CC >3 and 373 g per 1 of Na2CO3.10 H 2 O. 

Another sample of soda ash solution tested with a hydrometer at 40°C shows a 
density of 1.277 sp gr (31.3°B6). By the method shown above, but using the upper 
section of the vertical scales, the sample corrected to 30°C is found to have a density 
of 1.285 sp gr (32.0°B6). The solution contains 26.0 per cent NaaCOs and 70.1 per cent 
NaaCOi.10 H 2 O; and 334 g per 1 of NaaCOs and 903 g per 1 of NaaCOa.IO H 2 O. 

* For pounds per cubic foot, divide by 16.02. 

Fio. D-12.—Nomographic chart for temperature correction of sodium carbonate (soda 
ash) solutions. (Berl, Chem. and Met. Eng., August, 1939.) 





48 


MANUAL FOR PROCESS ENGINEERING 



This chart differs from Figs. D-7 to D-ll and is similar to Fig. D-12 of this series in 
that the correction scales are in two parts, one for correction to a standard temperature 
of 15°C (59°F) and the other for corrections to a standard temperature of 100°C (212°F). 
The two sections of the chart are separated by the heavy lines indicating discontinuity in 
the scales for corrected density and grams per liter. Caustic soda solutions up to 
51 per cent NaOH are liquid at 15°C (and some percentages considerably below this 
figure). Solutions of more than 51 per cent NaOH have a rising solubility curve and 
must be measured at a higher temperature. All concentrations to 70 per cent remain 
liquid at 64°C and above. Since the few available data at high concentrations are at 
100°C, this temperature has been taken as standard for concentrations of 51 per cent 
and above. 

Example: A solution of caustic soda is tested with a hydrometer at 46°C and shows 
a specific gravity of 1.425 (43°B6). It is desired to find the specific gravity and Baum6 
corrected to 15°C (59°F) and also the composition and grams per liter (kilograms per 
cubic meter) in terms of NaOH and Na20 and the equivalent percentage composition 
as sodium carbonate. With a straightedge connect the observed temperature, 46°, 
with the observed specific gravity, 1.425, and extend the line to the corrected density 
scale for 15°C standard temperature, cutting the latter at a gravity of 1.446 (44.5°B6). 
To determine the physical properties corresponding to the corrected density extend a 
horizontal line to the right, cutting the several scales at the desired quantities. Thus 
it is found that the sample contains 41.3 per cent NaOH and 32 per cent NasO. It 
contains 462.5 g per 1 (kilograms per cubic meter) of Na20 and 597 g per 1 of NaOH. 
The equivalent percentage as Na 2 COs is 54.7. 

Warning: Corrections of solutions containing over 51 per cent of NaOH are handled 
exactly as above. However, the data for such solutions are not complete and the 
completion of the chart above the heavy lines was partly by extrapolation. Conse¬ 
quently accuracy equal to that for solutions of less than 51 per cent cannot be expected. 
* For pounds per cubic foot, divide by 16.02. 

Fig. D-13. —Nomographic chart for the temperature correction of sodium hydroxide 
(caustic soda) solution densities. ( Berl , Chem. and Met. Eng., September, 1939.) 
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Example: A sample of K 2 CO 3 solution is tested with a hydrometer at 4 / )°C, showing 
a specific gravity of 1.438 (44 deg. B6.). It is desired to find the gravity corrected to 
15°C, the percentage of K 2 CO 3 and the quantity of K 2 CO 3 per unit volume of solution. 
With a straightedge connect the observed temperature of 40°C with the observed 
specific gravity of 1.438 and extend the line to the corrected density scale, cutting the 
latter at a specific gravity of 1.^50 (44.8°B6) at 15°C. Extending a horizontal line 
from this point, note that the sample contains 42.7 per cent K 2 CO* while each liter 
contains 620 g of K 2 CO 8 (620 kg per cu m). 

* For pounds per cubic foot, divide by 16.02. 

Fiq. D-14.—Nomographic chart for the temperature correction of potassium carbonate 
solution densities, {fieri, Chem. and Met. Eng., November, 1939.) 



50 


MANUAL FOR PROCESS ENGINEERING 


DE6.C. DEG.F. 





Example: A sample of aqua ammonia is tested with a hydrometer at 10.5°C, showing 
a specific gravity of 0.889 (18.1°B6). It is desired to find the specific gravity corrected 
to 15°C, as well as the Baum6 at this temperature and the per cent NH 3 and grams of 
NHs per liter (kilograms per cubic meter). With a straightedge connect the observed 
temperature, 10.5°C, with the observed specific gravity, 0.889, and extend the line to 
the corrected density scale, cutting the latter at a specific gravity of 0.886 (18.6°B§), 
the density corrected to 15°C. To determine the physical properties corresponding 
to this density, extend a horizontal line to the right to intersect the scales for composition 
and grams per liter. Thus it is found that the sample contains 33.0 per cent NH 3 and 
293 g of NHs per liter (kilograms per cubic meter). 

* For pounds per cubic foot, divide by 16.02. 


Fig. D-15.—Nomographic chart for the temperature correction of aqua ammonia 
densities. ( Berl , Chem. and Met. Eng., December, 1939.) 
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2. Metals 

a. Mechanical Tests. —For ductile, resilient materia >s such as 
structural steel the tensile stress-strain test is the most important. 
This test consists in applying a force (stress) to a standard specimen 
and measuring the elongation (strain). The force is gradually 
increased until failure of the specimen occurs. The results of such a 
test are shown in Fig. D-16. The slope of the line OA , i.e., the ratio 
of stress to strain below the proportional limit, is Young 1 s modulus of 
elasticity. The proportional limit is the highest stress at which the 
strain is proportional to the stress. (By common consent, stresses are 
almost universally expressed as pounds per square inch of original 
cross section.) At stresses above this limit the specimen is perma¬ 
nently deformed. The definitions of yield point , ultimate tensile 
strength , and breaking strength are indicated by Fig. D-16. Many 
materials do not exhibit yield points. In these cases the yield strength 
or stress to produce a standard permanent deformation (per cent set) 
is usually specified. A method commonly used to determine the 
yield strength is the offset method, illustrated by Fig. D-17. Very 
common practice is to base the yield strength on 0.2 per cent set, 
though for some materials or for special uses the design engineer may 
prefer yield strengths based on smaller or larger sets. 

Compressive strength tests are made in much the same way as 
tensile tests. For iron and steel products, the yield strength in tension 
and compression are nearly the same, though the ultimate strengths 
differ. Metals are also tested by applying stress in other ways, 
notably in shear. 

The rate of applying stress to a metal may be of importance. For 
example, brittle materials may have high tensile strengths but may 
fracture readily under sharp blows. Impact tests such as the Izod 
and several varieties of Charpy are, therefore, of importance in design 
where brittle materials must be employed. It should perhaps be 
noted that some materials, such as iron and lead which are ductile 
at room temperature, become brittle at low temperatures. 

Soft materials such as lead exhibit a slow deformation at compara¬ 
tively low stress. This phenomenon is known as “creep” and is 
exhibited by all metals at high temperatures. The rate of creep 
usually exhibits three stages: The initial rate is comparatively rapid 
and drops slowly to a steady rate in the second stage. Eventually 
the rate increases in the third stage which ends in failure. Results 
are usually presented as the stress that produces a specified creep rate 
in the second stage. 

Failure of metals (even though creep is not measurable) may occui 



52 


MANUAL FOR PROCESS ENGINEERING 



Unit- Elongation (inches per inch) 


Fig. D-16.—Stress-strain diagram for a specimen of ductile steel. Lower curve is 
part of upper curve drawn to larger horizontal scale. (Reprinted by permission from 
“ Properties and Mechanics of Materialsby P. G. Laurson and W. J. Cox, published by 
John Wiley & Sons, Inc., New York, 1931.) 



Fig. D-17.—Illustration of yield-strength determination by offset method. 
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far below the tensile strength if the stress is repeated many times. 
For this reason repeated stress tests are important. The esults of 
such tests show that there is a limiting stress below which no failure 
will occur no matter how often applied. This endurance limit can be 
obtained graphically from a series of tests. 

Obviously the above discussion has covered only a few tests in 
broad terms. These and many more tests have been carefully stand¬ 
ardized by technical societies such as the American Society of Testing 
Materials (A.S.T.M.) and the American Society of Mechanical Engi¬ 
neers (A.S.M.E.). Most of the standards in use in the United States 
are catalogued and sold by the American Standards Association 
(A.S.A.). 

In addition to data on properties of finished products, the design 
engineer requires information on the fabricating methods that may be 
employed—whether the metal is readily machined, welded, soldered, 
pressed, drawn, forged, etc. 

Mechanical properties of metals depend on an extremely large 
number of variables. Some of these are listed below: 

1. Chemical analysis (even small quantities of alloying element 
may be important). 

2. Method of manufacture (cast, wrought, etc.). 

3. Heat-treatment (annealing, quenching, drawing). 

4. Mechanical processing (hot-rolling, cold-drawing, etc.). 

5. Surface treatment (casehardening, finish, etc.). 

6. Corrosion. 

b. Wall Thickness of Vessels and Piping.—The fundamental pur¬ 
pose of mechanical tests is to afford a basis for mechanical design. 
The mechanical engineer wants to know how heavy the beams of a 
bridge must be to support the load. The chemical engineer wishes to 
know how heavy the shell of an autoclave must be to withstand the 
temperature, pressure, and corrosive nature of the contents. Below 
are given two formulas for the minimum shell thickness of cylindrical 
walls: 


PD 

t m = + C (Barlow's formula, modified) 

2o 

U = ^ (i - y/§-jrp) + C ( Lam ^’ s formula) 


where tm = minimum wall thickness, in. 
D — outside diameter of pipe, in. 
S — design stress, psi 
P = internal pressure, psig 



54 


MANUAL FOR PROCESS ENGINEERING 


C = allowances, in., for threading, mechanical strength, machining, 
corrosion 

Barlow’s formula is accurate for only thin wall vessels and may be 
used when the wall thickness is 10 per cent or less of the outside 
diameter. For thicker wall vessels Lame’s formula is applicable. 
(Even this formula fails, however, for high pressures where P is nearly 
as large as S.) In the case of piping the following very simple formula 
may be employed: 

Schedule number = 

where P = internal pressure, psig 
S — design stress, psi 

Some design stresses for use in the above formulas are given in 
the next section. Detailed discussion of the considerations involved 
in choice of design stresses is beyond the scope of this book. The 
A.P.I.—A.S.M.E. codes cover these for a variety of metals in different 
uses. In any event, the code legal in the locality should he consulted 
for final engineering design. For a great many purposes one-fourth of 
the ultimate tensile strength is used as the design stress. For brittle 
materials, higher factors of safety must be employed. 

In general, elliptical ends, flanges, etc., must be heavier than the 
walls of a vessel. However, given formulas permit the process engi¬ 
neer to judge whether his process involves unduly heavy equipment. 

c. Data Tables. 

Table D-l.— Listing of Tables on Properties of Metals 


Metals 


Properties 

Low- 

carbon 

steel 

4/6 
Cr Mo 
cast 
steel 

Stain¬ 

less 

steels 

Monel 

Cop¬ 

per 

alloys 

Alumi¬ 

num 

(17 

S-T) 

Lead 

Other 

Density, thermal 









conductivity, 









specific heat. 

D-2 

.... 

D-2 

D-2 

D-2 

D-2 

D-2 

D-2 

Coefficient of ex¬ 



D-2, 






pansion . 

D-2, D-3 


D-9 

D-2 

D-2 

D-2 

D-2 

D-2 

Tensile tests. 

D-3 

D-4 

D-8 

D-ll 


D-12 



Creep stress. 

D-3 

D-4 

D-8 

D-ll 





Endurance limit... 



D-8 



D-12 



Design stress. 

D-5 


D-10 


D-6 


D-13 


Impact tests. 

D-7 
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Table D-2.— Representative Properties of Metals 
(Compiled from several sources) 


Metal 

Specific 
gravity 
(water = 1 
at 60°F) 

Coefficient 
of expansion, 
ft/(l,000,000 

ft)(°F) 

Thermal 
conductivity, 
Btu/(hr) 
(sq ft) 
(°F/ft) 

Specific 
heat, Btu/ 

1 (lb)(°F) 

Aluminum. 

2.7 

12.7 

118* 

0.226 

Antimony. 

6.6 

6.3 

11 

0.049 

Bismuth. 

9.8 

7.5 

4.7 

0.029 

Chromium. 

7.2 

4 7 

157 

0.12 

Cobalt. 

8.9 

6.7 

40 

0.098 

Copper: 





Pure copper. 

8.9 

9.3 

220* 

0.092 

Admiralty and 70% brass 

8.5 

10.3 

581 


Muntz and yellow brass... 

8.4 

11.6 

70 

0.092 

Red brass. 

8.6-8.75 

9.8-10.4 

90-94 


Bronze. 

8.8 

9 8 

100 


Everdur. 

8.2 

7.8 

16 


Monel. 

8.8 

7.8 

15 

0.127 

Iron: 





Pure iron. 

7.9 

6.6 

38* 

0.1045 

Wrought iron. 

7.7 


33* 


Low-carbon steel. 

7.8 

6.1-7.3* 

35 X 

0.11 

High-carbon steel. 

7.8 

6.1-7.3* 

26* 

0.12 

Gray cast iron. 

7.0-7.7 

10 

24-30* 

0.13 

18-8 Cr-Ni. 

7.9 

9.5f 

9.6* 

0.117 

25-12 Cr-Ni. 

7.9 

8.3 

8.8 

0 12 

12% Cr. 

7.7 

5.8 

14.3* 

0.11 

Lead. 

11.3 

16.4 

19* 

0.030 

Magnesium. 

1.74 

14.3 

92 

0.249 

Monel. 

8.8 

7.8 

15 

0.127 

Nickel. 

8.9 

7.3 

35* 

0.112 

Silver. 

10.5 

10.5 

240 

0.056 

Sodium. 

0.97 

39.5 

26 

0.295 

Tantalum. 

16.6 

3.6 

35 

0.036 

Tin. 

7.3 

11.2 

34 

0.054 

Vanadium. 

19.3 

2.2 

115 

0.034 

Zinc. 

7.1 

18.3 

64 

0.089 

, 


* Additional data given in Table D-3. 
t Additional data given in Table D-9. 

* Additional data given in Table G-4. 
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Table D-3.— Properties of Killed Carbon Steel 
(Reprinted from Hoyt, “Metals and Alloys Data Book,” Reinhold Publishing 
Corporation, New York, 1943, by permission of the author, publisher, and the 
Steel and Tube Division of The Timken Roller Bearing Company) 
Composition: 0.10-0.20% C, 0.30-0.60% Mn, 0.25% Si max., 0.04% P max., 

0.045% S max. 


Temp., 

°F 

Tensile 

strength 

Yield 

strength 

0.2% 

set 

-1 

Propor¬ 

tional 

limit 

Elonga¬ 
tion, % 
in 2 in. 

Reduc¬ 
tion in 
area, % 

Creep stress, 

1 % 

Rupture 

stress* 

Coefficient 
of expan- 
sionf ft/ 
(1,000,000 
ft) (°F) 

100,000 

hr 

10,000 

hr 

85 

62.4 

42.0 

34.5 

36 

67 





750 

58.0 

24.6 

13.1 

34 

67 





800 






18.5 

26.8 


7.83 

900 

45.5 

23.5 

11.2 

38 

71 

12.8 

16.9 


7.95 

1000 

36.5 

20.1 

8.7 

42 

77 

2.7 

5.7 

2.8 

8.02 

1100 

27.2 

14.2 

5.0 

56 

82 

0.8 

1.8 


8.21 

1200 

20.0 

10.2 

1.9 

54 

89 

0.3 

0.6 

0.6 

8.36 

1300 

13.5 

7.4 

0 

60 

92 



0.4 


1400 

9.0 

3.7 

0 

70 

77 



0.2 



Note: All stresses are in units of 1,000 psi. 

* Stress to produce rupture in 100,000 hr. 
t Mean coefficient from 70°F to stated temperature. 


Table D-4.— High-temperature Tests of 4/6 Cr-Mo Cast Steels (A.S.T.M.- 
A.S.M.E. “Creep Data”) 

(Hoyt, “Metals and Alloys Data Book,” Reinhold Publishing Corporation, New 

York, 1943) 

Analysis, %: C, 0.31; Mn, 0.57; Si, 0.37; Cr, 4.86; Mo, 0.53. Normalized at 
1650°F; drawn at 1300°F. 


Temp., 

°F 

Tensile 
strength, 
thousands 
of psi 

Yield 
point, 
thousands 
of psi 

Propor¬ 
tional 
limit, 
thousands 
of psi 

Elonga¬ 

tion, 

% in 2 in. 

Reduc¬ 
tion in 
area, % 

Creep 
stress for 
1% in 
10,000 hr, 
thousands 
of psi 

70 

118 i 

1 90 

71 

17 

44 


300 

111 

89 

77 

14 

43 


550 

103 

78 

68 

13 

i 4i 


800 

101 

70 

52 

12 

37 


900 






18 

1000 

73 

56 

38 

21 

58 

10 

1200 

j 45 

18 


37 

82 



Note: Yield point = yield strength for 0.2 per cent set. 
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Table D-5.—Design Stresses for Steel 
(Hoyt, “ Metals and Alloys Data Book,” Reinhold Publishing Corporation, 
_New York, 1943) 


Tensile strength, % * 


Metal temp., °F 

Cast steel 

C-steel plates 

C-Mo steel 

Room 

16.7 

25 

25 

650 

16.7 

25 

25 

700 

16.4 

23.7 

25 

750 

14.7 

21.0 

25 

800 

12.9 

00 

b 

24.3 

850 

11.1 

15.0 

22.4 

900 

9.3 

12.0 

18 3 

950 

7.5 

9.0 

13.7 

1,000 

5.7 

6.2 

0.5 


* Per cent of tensile strength at room temperature. 

Note: The values for cast steel and steel plates are from the A.P.I.-A.S.M.E. 
Pressure Vessel Code. The values for plates (and forgings) apply to steels for 
which the mini mum of the specified tensile strength is not over 55,000 psi. For 
carbon steels of a higher tensile strength the calculated design stress may be used, 
provided the stresses above 700°F are based on the tensile strength of the annealed 
material. For A.S.T.M. steels A149 and A150, the allowable working stresses 
for temperatures above 750°F are the same as those for steels whose minimum 
tensile strength is 55,000 psi. 

The values for C-Mo steel plates (0.50 per cent Mo) are recommended by T M. 
Jasper. 


Table D-6.— Allowable Working Stresses for Copper Alloys 
(Based on A.S.M.E. Boiler Construction Code. Reprinted from Hoyt, “Metals 
and Alloys Data Book,” Reinhold Publishing Corporation, New York, 1943) 


Material 


Allowable working stresses, psi, for 
temperatures not over 



150°F 

250°F 

350°F 

400°F 

450°F 

Muntz metal and high-brass tubing, 

and pnnHpnspr tnhps.. • 

5,000 

4,000 

5,500 

2,500 



Red brass tubes . 

6,000 

6,000 

5,000 

4,500 


Copper tubes and pipes. 

5,000 

4,500 

4,000 


70-30 brass condenser tubes. 

6,000 

7,000 

5,000 

4,500 

4,000 


Admiralty tubes. 

6,500 

6,000 

5,500 

4,500 


Note: These apply only to diameters from to 6 in. OD inclusive, and for 
wall thicknesses not less than 0.049 in. (No. 18 B.W.G.). 
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Table D-7.— Charpy Impact Tests on Bessemer Steel, Killed 
(Hoyt, “Metals and Alloys Data Book,” Reinhold Publishing Corporation, New 

York, 1943) 

Seamless pipe 10% in. OD X A in. wall. 

Si, Mn, Al, killed. 0.15% C, 0.47% Mn, 0.22% Si, 0.074% P, 
0.017% N, tested as normalized. McQuaid-Ehn grain size, 4-8. 


Tensile strength, psi. 67,500 

Yield strength, psi. 48,000 

Elongation, %. 47.5 

Reduction in area, %. 55.5 

Charpy impact test, ft-lb at 

70°F. 47 

32°F. 40 

0°F. 36 

—25°F. 34 

—50°F. 21 


Table D-8.—Endurance Limits, Creep Stress, etc., of Stainless Steel 
(By H. C. Cross, Battelle Memorial Institute. Reprinted from Hoyt, “Metals 
and Alloys Data Book,” Reinhold Publishing Corporation, New York, 1943) 


Property 

Units 

Steel 
No. 1 

Steel 
No. 2 

Steel 
No. 3 

Steel 
No. 4 

Analysis . 

% 

C. 

0.067 

C. 

. 0.125 


Cr. 

18.21 

Cr. 

. 18.50 



Ni.. 

9.56 

Ni. 

. 9.67 



N. 

0.056 

N. 

0 035 

Form. 


Rolled 

Cast 

Rolled 

Cast 



bars 

bars 

bars 

bars 

Brinell hardness . 


155 

137 

160 

131 

Tensile properties at room tem- 






perature: 






Tensile strength. 

Psi 

85,000 

64,500 

91,000 

64,500 

Yield strength. 

Psi 

36,500 

28,000 

41,000 

31,200 

Elongation. 

% in 2 in. 

62 

66 

60 

59 

Reduction in area. 

% 

70 


71 


Izod impact. 

Ft-lb 

105 

92 

107 

93 

Endurance limit tested at 






2,500 rpm: 






At room temp. 

Psi 

40,000 

36,000 

42,000 

35,000 

At 800°F. 

Psi 

32,000 


37,000 


At 1000°F. 

Psi 

32,000 


38,000 


At 1200°F. 

Psi 

30,000 

20,000 

32,000 

23,000 

Creep stress: 






1 % elong. in 10,000 hr. 






At 1000°F. 

Psi 

20,000 

>17,300 

25,000 

22,500 

At 1100°F. 

Psi 

14,000 


17,300 

17,000 

At 1200°F. 

Psi 

8,200 

8,500 

10,500 

9,300 


Note: One-inch bars were water-quenched from 2000°F f 
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Table D-9.— Thermal Expansion of Stainless Steel* 

(Data of Babcock and Wilcox Tube Co. Reprinted from Hoyt, “Metals and 
Alloys Data Book,” Reinhold Publishing Corporation, New Ycik, 1943) 




Mean coefficient 

Steel 

Temp., °F 

of linear expansion, 
ft/(l,000,000 ft) (°F) 

18-8 Cr-Ni 

68- 600 

9.88 


68- 800 

10.08 


68-1000 

10.20 


68-1200 

10.41 


68-1300 

10.50 


68-1800 

11.25 

16-13-3 Cr-Ni-Mo 

75- 400 

9.60 


75- 800 

10.20 


75-1000 

10.50 


75-1200 

10.80 

25-20 Cr-Ni 

105-1320 

9.20 


70-1830 

10.60 


* Considering commercial variations, these values may vary as much as 0.50. 


Table D-10.—Design Stresses for Wrought Heat-resisting Alloy Steels 
(Courtesy of the Midvale Company) 

Analysis range: 25-30% Cr, 10-30% Ni 


Temperature, °F. 

1,400 

1,500 

1,600 

1,700 

1,800 

2,000 

Design stress, psi. 

1,800 

1,550 

1,300 

1,050 

800 

300 


Table D-ll.— High-temperature Properties of Monel 
(Hoyt, “Metals and Alloys Data Book” Reinhold Publishing Corporation, New 

York, 1943) 


Temp., 

°F 

Short-time tests 

Creep tests 

Yield 
strength, 
(0.2% set) 
psi 

Tensile 

strength, 

psi 

Elonga¬ 
tion, % 
in 2 in. 

0.01%/ 
1,000 hr, 
psi 

0.1%/ 
1,000 hr, 
psi 

1%/1,000 
hr, psi 

70 

45,000 

85,000 

45 




600 

34,000 

80,000 

44 

26,000 

36,000 

46,000 

800 

30,000 

70,000 

40 

19,000 

23,500 

29,000 

1000 

27,000 

55,000 

30 

1,650 

4,300 

11,500 

1200 

23,000 

36,000 

18 



1,700 

; 
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Table D-12.— Endurance Limit and Tensile Strength of 17 S-T* Alloy 

Aluminum 

(By F. M. Howell and E. S. Howarth. Reprinted from Hoyt, “Metals and Alloys 
Data Book,” Reinhold Publishing Corporation, New York, 1943) 


Test temp., °F 



75 

300 

400 

500 

Days heated before tensile test. 


250 

200 

200 

Tensile strength, psi. 

59,000 

36,000 

24 

40,200 

33,500 

25,000 

20,000 

25 

12,800 

9,700 

38 

Yield strength, psi (0.2% set). 

Elongation, % in 2 in. 

17 

Days heated before fatigue test. 

200 

100 

100 

Endurance limit, psif. 

15,000 

13,500 

9,500 

4,500 



* 17S specifies analysis (Aluminum Co. of America): 4.0% Cu, 0.5% Mn, 
0.5% Mg. 17 S-T is fully heat-treated. 

t Rotating-beam test on basis of 500,000,000 cycles at 3,600 rpm. 


Table D-13.— Allowable Stress in Extruded Lead Pipe 
(Hoyt, “Metals and Alloys Data Book,” Reinhold Publishing Corporation, New 

York, 1943) 


I 


Temp., °F 

Allowable stress, psi 

Chemical lead 

6% antimony lead 

68 

200 

400 

86 

190 

370 

104 

180 

340 

122 

172 

310 

140 

162 

280 

158 

153 

254 

176 

144 

222 

194 

136 

195 

212 

127 

165 

230 

118 

137 

248 

no 

110 

266 

100 

80 

284 

90 

50 

302 

80 
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3. Nonmetallics 

a. Ceramics and Stone. —Properties of ceramics and stone are 
presented as follows: 


Strengths of brick and terra-cotta block piers. Table D-14 

Physical properties of refractory materials. Table D-15 

Strength and stiffness of American building stone. Table D-16 

Physical properties of low-expansion glass, fused silica 

and fused quartz. Table D-17 

Physical properties of chemical stoneware. Table D-18 


Table D-14.— Strength in Compression of Brick and of Terra-cotta Block 

Piers and Walls 

(Moore, “Textbook of the Materials of Engineering,” 6th ed., McGraw-Hill Book 
Company, Inc., New York, 1941) 

The values given are based on test data from Watertown (Mass.) Arsenal, 
Cornell University, U.S. Bureau of Standards, and the University of Illinois. 

The weight of masonry may be taken as about 5 lb /cu ft less than the weight of 
the stone or brick used. 


Brick or block used 

Mortar 

Ultimate 
in com¬ 
pression, 
psi 

Piers 

Vitrified brick. 

1 part portland cement, 3 parts sand 

2,800 

Pressed (face) brick. 

1 part portland cement, 3 parts sand 

2,000 

Pressed (face) brick. 

1 part lime, 3 parts sand 

1,400 

Common brick. 

1 part portland cement, 3 parts sand 

1,000 

Common brick. 

1 part lime, 3 parts sand 

700 

Terra-cotta block. 

1 part portland cement, 3 parts sand 

3,000 

Walls 

Common brick. 

1 part portland cement, lH parts 



lime, 6 parts sand 

950 

Common brick. 

1 part portland cement, 3 parts sand 

1,150 

Hollow-tile joints staggered. . . . 

1 part portland cement, H part lime, 



3 parts sand 

1,270 


Test data for piers built of sand-lime brick are lacking, but judging from test 
data for individual brick, sand-lime brick piers might be expected to be about 
three-quarters as strong as piers built of common brick. 















Table D-15.—Physical Properties of Refractory Materials 
(Perry, “Chemical Engineers' Handbook," 2d ed., McGraw-Hill Book Company, Inc., New York, 1941. Complete revision of earlier 
Chem. & Met. Eng. data, compiled by L. J. Trostel, General Refractories Co., Baltimore, with additional material on kaolin 
superduty and insulating refractories supplied by the Babcock & Wilcox Co., New York) 
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Table D-16. Values for Strength and Stiffness of American Building 

Stone 

(Values based mainly on test data from the Watertown (Mass.) Arsenal) 
(Moore, “Textbook of the Materials of Engineering,” 6th ed., McGraw-Hill Book 
Company, Inc., New York, 1941) 


Stone 

Ultimate in compression, 
psi 

Modulus of rupture 
(computed ultimate in 
cross bending), psi j 

Shearing 

strength, 

psi 

Modulus of 
elasticity 
(flexure), 
psi 

Weight 
(av), 
lb/cu ft 

Range 

Av 

1 

Range 

Av 

Av 

Av 

Granite. 

15,000-26,000 

20,200 

1,200-2,200 

1,600 

2,300 

7,500,000 

165 

Marble. 

10,300-16,100 

12,600 

850-2,300 

1,500 

1,300 

8,200,000 

170 

Limestone . . 

3,200-20,000 

9,000 

250-2,700 

1,200 

1,400 

8,400,000 

160 

Sandstone... 

6,700-19,000 

12,500 

500-2,200 

1,500 

1,700 

3,300,000 

135 

Slate. 


15,000 


8,500 


14.000,000 

175 







Table D-17.— Physical Properties of Low-expansion Glasses, Fused Silica, 
and Fused Quartz 

(Prepared from data given in Chem. & Met. Eng., September, 1944) 



Borosilicate 

glass 

96% silica 
glass 

Fused 

quartz 

Fused 

silica 

Specific gravity. 

2.23 

2.18 

2.20 

2.07 

Tensile strength, psi... 

10,000 


4,000 

400-800 

Thermal expansion, in./ 





(1,000,000 in.)(°F)... 

0.18 

0.045 

0.030 

0.030 

Thermal conductivity, 





Btu/(sq ft) (hr) (°F/ 





ft) 

0.59 


0.80 

0.80 

Specific heat, Btu/(lb) 





(°F) 

0.20 


0.25 


V A /. 

Softening point, °F.... 

1,505 

2,750 ± 90 

2,600 

2,600 

Refractive index. 

1.47 

1.458 

1.459 


Transparency. 

Transparent or 

Transparent 

Transparent 

Translucent 


translucent 



or opaque 

Forms available: 





Sheets. 

Yes 


Yes 

Yes 

Rods. 

Yes 

Yes 

Yes 

Yes 

Tubes. 

Yes 

Yes 

Yes 

Yes 

Other. 

Yes 

Yes 

Yes 

Yes 
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Table D-18.— Physical Properties of Chemical Stoneware 
(Perry, “ Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, 
Inc., New York, 1941) 


Specific gravity. 

2.2 

Modulus of elasticity, psi.. . 

8 X 10« 

Hardness, scleroscope. 

100 

Specific heat. 

0.2 

Ultimate tensile strength, psi. 

2,000 

Thermal conductivity, Btu/ 


Ultimate compressive 


(hr)(sq ft)(°F/in.). 

0.833 

strength, psi. 

80,000 

Linear thermal expansion per 


Modulus of rupture, psi. 

5,000 

°F. 

2 X 10~« 


Water absorption, % . 

0-^ 


This table, which was prepared by the General Ceramics Co., gives the physical 
properties of an average grade of chemical stoneware. It should be emphasized 
here that “chemical stoneware” is not the name of a definite material, such as an 
alloy, but a generic term applied to a wide variety of ceramic compositions and 
hence that, in any particular composition designed to give optimum properties in 
one respect, it will ordinarily be impossible to secure optimum properties in all other 
respects. 

b. Concrete.—The strength of even well-prepared concrete depends 
on age and on the proportion of water used in the mix. In general, low 
water contents yield higher strengths providing it is possible to com¬ 
pact the concrete so that the forms are completely filled. The proper 
choice of aggregate (sand, gravel, etc.) is important when high strength 
is required. Concrete should be kept moist during curing for develop¬ 
ment of full strength. Table D-19 gives data on strengths of concrete. 

The 1940 report of the Joint Committee on Concrete and Rein¬ 
forced Concrete has recommended working stresses of 25 per cent of 
ultimate compressive strength for concrete in compression. For 
concrete in flexure, they recommend that the extreme compression 
should not exceed 45 per cent of compressive strength and that the 
extreme tension should not exceed 3 per cent of the compressive 
strength. The bond between reinforcing and concrete should not be 
required to sustain stress exceeding either 160 psi or 4 per cent of 
compressive strength. For complete data on allowable stresses of all 
types the reader is referred to the original report. 

The National Board of Fire Insurance Underwriters recommends a 
working stress for concrete in compression of 500 psi. This lower 
value should presumably be used for small jobs where the concrete 
may be poured and cured to loose specifications. 

Most concrete structures of any consequence are reinforced with 
steel rods or netting. This reinforcing usually carries the bulk of the 
tension load because of the low tensile strength of concrete. 

Concrete, though possessing a strong tendency toward porosity, 
may be made waterproof by proper attention to preparation, placing, 
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and curing. Nonetheless, concrete tanks are sometimes waterproofed 
as an added precaution. Because of porosity, concrete may suffer 
some deterioration from freezing and thawing of moisture. The deteri¬ 
oration is likely to be serious for poorly prepared concrete. 

The density of gravel concrete is roughly 150 lb/cu ft or 2 tons/ 
cu yd. The exact density, of course, depends on the densities of the 
aggregates and the proportions used in the mix. 


Table D-19. —Compressive and Tensile Strength, and Modulus op 
Elasticity of Concrete 

(Moore, “Textbook of the Materials of Engineering,” 6th ed., McGraw-Hill Book 
Company, Inc., New York, 1941) 

Tests made at the Research Laboratory of the Portland Cement Association, 
Chicago. Compression tests of 6- bj 12-in. and tension tests of 6- by 18-in. 
concrete cylinders. 

Aggregate: Elgin sand and gravel graded 0 to 1H in.; aggregate grading and 
consistency constant. Specimens removed from molds after one day and cured in 
moist room at 70°F until test; tested damp. Deformation of concrete measured 
with a Martens mirror extensometer. 


Mix 

by 

Ce¬ 

ment, 

sacks 

per 
cu yd 

Net 

water- 

ce¬ 

ment 

ratio 



Strength, psi 


Initial tangent modulus of 
elasticity, 1,000 psi 

vol¬ 

ume 

3 

7 

28 

3 

1 

5 

3 

7 

28 j 

3 

1 

5 


1 

days 

days 

days 

mo 

yr 

yr 

days 

days 

days | 

mo 

yr 

yr 


Compression 


1- 

-2 

10 

.5 

0.57 

3,220 

4,650 

5,960 

7,810 

9,170 

10,160 2,870 

3,340 

CO 

o 

4,460 

5,530 

5,750 

X- 

-3 

7, 

.8 

0.64 

2,160 

3,250 

5,140 

6,500 

7,570 

8,820 (2,490 

2,930 

3,480 

4,200 

5,400 

5,650 

1-4 

6. 

3 

0.76 

1,560 

2,620 

4,460 

5,710 

6,720 

7,750j2,310 

2,660, 

3,340 

3,740 

5,340 

5,580 

1- 

-5 

5. 

2 

0.85 

1,340 

2,120 

3,510 

5,130 

6,010 

6,86012,230 

2,590 

3,130 

3,610 

5,340 

5,570 

1- 

-8 

3. 

4 

1.13 

480 

945 

1,740 

2,550 

3,140 

3,930,1,710 

1 

1,990 

2,770 

3,420 

4,970j 

5,530 


Tension 


1-2 

10.5 

0.57 

325 

360 

460 

525 

630 

635 

2,770|3,20oL,050 

4,450 

5,500 

5,550 

1-3 

7.8 

0.64 

230 

290 

400 

480 

595 

590 

2,770 3,13o|3,840 

4,050 

5,250 

5,600 

1-4 

6.3 

0.76 

175 

240 

360 

415 

525 

565 

2,700 3,000 3,560 

4,150 

5,470 

5,380 

1-5 

5.2 

0.85 

130 

225 

325 

390 

510 

520 

2,420!2,780^3,200 

3,630 

5,160 

5,300 

1-8 

3.4 

1.13 

40 

85 

185 

270 

335 

350 

2,210 2,700|3,030 

3,410 

4,840 

4,700 


c. Wood. —Table D-20 gives working stresses for woods. Table 
D-21 gives approximate densities of dry clear woods. The disadvan¬ 
tages of wood as a construction material are nonuniformity and swell¬ 
ing with water absorption. Recently the latter has been eliminated 
by impregnating wood with plastics, 
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Table D-20.—Working Stresses for Woods 

(Stresses recommended by the U.S. Forest Service) 


Varied with conditions of exposure to 
moisture 

Not varied with 
conditions of 
exposure 

Continu¬ 
ously* dry 

Occasionally 
wet but 
quickly dried 

More or less 
continuously 
damp or wet 



1 

Ex- Com - 

tremo pres - 
sion 

fiber 

, per- 

stress 

pen- 
m j. 

, , dicu- 

bend- . 

lar to 

mg 

grain 

Ex¬ 

treme 

fiber 

stress 

in 

bend¬ 

ing 

Com¬ 

pres¬ 

sion 

per- 

pen- 

dicu- 
lar to 
grain 

Ex¬ 

treme 

fiber 

stress 

in 

bend¬ 

ing 

Com¬ 

pres¬ 

sion 

per- 

pen- 

dicu- 
lar to 
grain 

Hori¬ 

zontal 

shear 

Modulus 
of elas¬ 
ticity 


Select gradef 


Cedar: Western red. 

900 

200 

710 

150 

670 

125 

80 

1,000,000 

Northern and south-white. 

750 

175 

580 

140 

530 

100 

70 

800,000 

Port Orford. 

1,100 

250 

890 

200 

800 

150 

90 

1,200,000 

Alaska. 

1,100 

250 

890 

200 

800 

150 

90 

1,200,000 

Cypress: Southern. 

Douglas fir: 

1,300 

350 

980 

250 

800 

225 

100 

1,200,000 

Coast region: Select. 

1,600 

345 

1,240 

240 

950 

215 

90 

1,600,000 

Dense select. 

1,750 

380 

1,370 

265 

1,050 

235 

105 

1,600,000 

Rocky Mountain region. 

1,100 

275 

800 

225 

620 

200 

85 

1,200,000 

Fir: Balsam. 

900 

150 

670 

125 

530 

100 

70 

1,000,000 

Golden, noble, silver, white. 

1,100 

300 

800 

225 

710 

200 

70 

1,100,000 

Hemlock: West coast. 

1,300 

300 

980 

225 

800 

200 

75 

1,400,000 

Eastern. 

1,100 

300 

800 

225 

710 

200 

70 

1,100,000 

Larch: Western. 

1,200 

325 

980 

225 

800 

200 

100 

1,300,000 

Oak: Red and white. 

1,400 

500 

1,070 

375 

890 

300 

125 

1,500,000 

Pine: Southern: Select. 

1,600 

345 

1,240 

240 

950 

215 

110 

1,600,000 

Dense select. 

California, Idaho, and northern 

1,750 

380 

1,350 

265 

1,040 

235 

128 

1,600,000 

white Pondosa and sugar. 

900 

250 

710 

150 

670 

125 

85 

1,000,000 

Norway. 

1,100 

300 

890 

175 

710 

150 

85 

1,200,000 

Redwood. 

1,200 

250 

890 

150 

710 

125 

70 

1,200,000 

Spruce: Red, white, Sitka. 

1,100 

250 

800 

150 

710 

125 

85 

1,200,000 

Engelmann. 

750 

175 

580 

140 

440 

100 

70 

800,000 

Tamarack: Eastern. 

1,200 

300 

980 

225 

800 

200 

95 

1,300,000 


Common grade 


Cedar: Western red. 

720 

200 

600 

150 

570 

125 

64 

1,000,000 

Northern and southern white.... 

600 

175 

490 

140 

450 

100 

56 

800,000 

Port Orford. 

880 

250 

760 

200 

680 

150 

72 

1,200,000 

Alaska. 

880 

250 

760 

200 

680 

150 

72 

1,200,000 

Cypress: Southern. 

Douglas fir: 

1,040 

350 

830 

250 

680 

225 

80 

1,200,000 

Coast region. 

1,200 

325 

980 

225 

750 

200 

72 

1,600,000 

Rocky Mountain region. 

880 

275 

680 

225 

530 

200 

68 

1,200,000 
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Table D-20.— Working Stresses for Woods (Continued) 



Varied with conditions of exposure to 
moisture 

No varied with 
conditions of 
exposure 

Species 

Continu¬ 
ously* dry 

| Occasionally 
wet but 
quickly dried 

More or less 
continuously 
damp or wet 



Ex¬ 

treme 

fiber 

stress 

in 

bend¬ 

ing 

Com¬ 

pres¬ 

sion 

per- 

pen- 

dicu- 
lar ti 
grain 

Ex¬ 

treme 

fiber 

stress 

in 

bend¬ 

ing 

Com¬ 

pres¬ 

sion 

per- 

pen- 
dicu- 
lar to 
grain 

Ex¬ 

treme 

fiber 

stress 

in 

bend¬ 

ing 

Com¬ 

pres¬ 

sion 

per- 

pen- 
dicu- 
lar to 
grain 

Hori¬ 

zontal 

shear 

Modulus 
of elas¬ 
ticity 


Common grade 






Fir: Balsam. 

720 

150 

570 

125 

450 

100 

56 

1,000,000 

Golden, noble, silver, white. 

880 

300 

680 

225 

600 

200 

56 

1,100,000 

Hemlock: West coast. 

1,040 

300 

830 

225 

680 

200 

60 

1,400,000 

Eastern. 

880 

300 

680 

225 

600 

200 

56 

1,100,000 

Larch: Western. 

960 

325 

830 

225 

680 

200 

80 

1,300,000 

Oak: Red and white. 

1,120 

500 

900 

375 

750 

300 

100 

1,500,000 

Pine: Southern. 

California, Idaho, and northern 

1,200 

325 

980 

225 

750 

200 

88 

1,600,000 

white Pondosa and sugar. 

720 

250 

600 

150 

570 

125 

68 

1,000,000 

Norway. 

880 

300 

760 

175 

600 

150 

68 

1,200,000 

Redwood. 

960 

250 

760 

150 

600 

125 

56 

1,200,000 

Spruce: Red, white, Sitka. 

880 

250 

680 

150 

600 

125 

68 

1,200,000 

Engelmann. 

600 

175 

490 

140 

370 

100 

56 

800,000 

Tamarack: Eastern. 

960 

300 

830 

225 

680 

200 

76 

1,300,000 


Note: For pieces of. wood 5 in. or more in thickness for “occasionally wet” service slightly 
higher stresses are allowed for bending than given above for “occasionally wet” service. 

♦“Continuously dry” contemplates use in interior or protected construction not subjected to 
excessive dampness or high humidity. 

“Occasionally wet but quickly dried” assumes use in such structures as bridges, trestles, 
grandstands or bleachers, and open sheds. 

“More or less continuously damp or wet” applies to material exposed to waves or tidewater, 
or in contact with earth, or used in a building in portions likely to be continuously wet. 

t “Select grade” and “common grade” are terms used to classify lumber according to the free¬ 
dom from defects. The specifications for these two and other grades are given in the 1927 Proceed¬ 
ings of the American Railway Engineering Association, and the 1939 Standards of the A.S.T.M.* 
Part II. Common grades of lumber provide material having not less than 60 per cent of the strength 
of green clear wood; for select grade the figure is 75 per cent. 
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Table D-21.— Densities of Woods; Small, Clear Test Specimen, Dry Basis 
(Abstracted from Moore, “Textbook of the Materials of Engineering,” McGraw- 
Hill Book Company, Inc., New York, 1941) 


Density, 

Wood Lb/Cu Ft 

Redwood. 22 

Cedar. 23 

Norway and white pine. 24 

Douglas fir and hemlock. 28 

Cypress. 29 

Tamarack. 31 

Yellow pine and elm. 34 

Spruce and ash. 39 

Maple. 43 

Red oak. 45 

White oak and hickory. 50 


d. Plastics and Elastomers. —New developments in the field of 
plastics are so rapid that even experts on the subject would be unable 
to give a fully adequate discussion of their properties. Plastics are 
made from a wide variety of starting materials, and each of the dif¬ 
ferent types exhibits a range in properties that may be controlled by 
the conditions of manufacture. When plastics are combined with 
fibrous materials to make laminated plastics, plastic treated woods, 
etc., the variety obtainable is increased enormously. Consequently, 
plastics are frequently “tailor-made” to secure properties most suited 
to the intended use. As tables of data on properties presented here 
and elsewhere are likely to be misleading, plastics should not be 
excluded from consideration solely on the basis of such information. 
For example, laminated plastics of strengths comparable to steel have 
been made and may even now be available to industry; yet it would 
be difficult to find these data without searching the literature. Much 
the same comment applies to elastomers (t.e., rubbery materials). 

Tables D-22 and D-24 give data on the properties of a few of the 
better known plastics; Table D-23 gives data on rubber and related 
materials. 














Table D-22.— Range of Values of Properties of Common Plastics 
(Values from test results obtained in various laboratories) 

(Moore, “Textbook of the Materials of Engineering,” 6th ed., McGraw-Hill Book Company, Inc., New York, 1941) 

The values given in this table are ranges of values for various classes of plastics. If for any particular plastic within a class, 
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* Cylindrical specimens with height approximately equal to diameter, 
t Swells under moist heat. 






















Table D-23.—Physical Properties of Synthetic and Natural Rubbers 
(Chern. & Met. Eng., September, 1944) 
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Table D-23. —Physical Properties of Synthetic and Natural Rubbers {Continued) 
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supplier for recommendations. 

X Effect of exposure to sunlight under tension. 
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Table D-24.—Laminated Phenolic Resin Plastics. Strength Values and 

Uses 

(Test results from various laboratories) 

(Moore, “Textbook of the Materials of Engineering,” 6th ed., McGraw-Hill Book 
Company, Inc., New York, 1941) 


Base 

Tensile 
strength, psi 

Compressive* 
strength, psi 

Uses 

Paper. 

7,000-20,000 

20,000-38,000 

Bearings, electrical 

Fabric (usually canvas).... 

10,000-14,000 

35,000-44,000 

equipment 

Gears, cams, bearings 

Asbestos. 

9,000 

30,000 

High-temperature 

Birchwood veneer with 
grain (plastic-bonded 

plywood). 

30,000 

23,000 

service f 

Paneling, furniture 


* Tests on 1-in .-cube specimens, 
t Have been used in valves for live steam. 







Table D-25.— Physical Characteristics of Carbon and Graphite Products 
(Abstracted from Perry, “ Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, Inc., New York, 1941) 


PHYSICAL AND MECHANICAL PROPERTIES 


73 


e. Carbon Products. 



I 

O 


t 

5 


O 

+ 

* 





o 

+ 

00 


II 

O 

o 


Carbon graphite products are resistant to most acids and alkalies. 
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4. Service of Materials Handling Process Fluids 

a. General Notes on Corrosion. —Because corrosion and its twin, 
erosion, are extraordinarily complicated, no attempt will here be made 
to present detailed discussion. Rather a few of the complexities will 
be mentioned to forewarn the reader of the need of caution. Inex¬ 
perienced engineers are well advised to rely on advices of experts on 
corrosion. 

Corrosion may make itself known in several ways. The simplest 
is general surface attack, slowly reducing the thickness of the equip¬ 
ment. Instead of general surface attack, only isolated points may be 
affected, producing the familiar pitting. Microscopic examination of 
most materials of engineering shows them to be heterogeneous. The 
fluid may affect only certain of these component parts of the matrix. 
For example, in hydrogen and caustic embrittlements, only the inter¬ 
granular material is attacked, but this may proceed until the cement¬ 
ing strength of this material is reduced and the metal becomes weak 
and brittle, even though unchanged in outward appearance. Fail¬ 
ure of equipment may also result from other types of attack. For 
example, a plastic may absorb an organic solvent, swell, and deterio¬ 
rate. Another example is the action of acetylene on copper. Though 
no appreciable attack is evident by inspection, enough copper carbide 
may form to cause an explosion and damage equipment. 

Because process equipment generally handles moving rather than 
stagnant fluids, erosion is ordinarily associated with corrosion. 

High stresses in metal usually increase corrosion rates. This is 
particularly true of “embrittlements,” which rarely occur in unstressed 
metals. Conversely, corrosion affects the allowable stress and may 
reduce the endurance limit to zero. 

Corrosion apparently proceeds by a wide variety of mechanisms. 
Of these one special case will be mentioned. When two metals are in 
contact with a solution containing even small amounts of electrolytes, 
an electric potential is set up between them which increases the rate 
of corrosion of the more basic (or electropositive metal). The increase 
may cause a more rapid corrosion rate than would occur by the use of 
either metal alone. In special cases, such as galvanized iron, the net 
rate of corrosion may be lowered. However, untried metal combina¬ 
tions should be avoided, particularly metals widely separated in the 
electrochemical series; for example, iron and copper should not be 
used together. 

If corrosion is complicated, the lack of corrosion is simple. The 
best method of assuring this is choice of materials that are inert toward 
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the fluids handled. Other expedients to reduce or prevent corrosion 
are 

1. Protective paints. 

2. Protective metal coatings (galvanizing, electroplating, liquid 
spraying, calorizing, etc.). 

3. Protective films produced on surface by chemical reaction 
(pickling of steel, Parkerizing, etc.). 

4. Control of pH of water solution. (Usually corrosion is at a 
minimum when slightly alkaline.) 

5. Application of electric potential to equipment. 

If a metal that is corroded by the material being handled must be 
used, then the equipment should be designed for low mechanical 
stresses and low velocities of flow &o that corrosion will not be unduly 
increased either by stress corrosion or by erosion. 

b. Metals. —Data presented in this section are reprinted from an 
article by L. G. Vande Bogart. In this reprinting, the liberty has been 
taken to convert his colors to numbers in order to simplify reproduc¬ 
tion. For additional data on these and other metals see Chem. & 
Met Eng., 51 , No. 9, 107 (1945). 

Table D-26 presents in visual form the results of a great deal of 
research and practical experience on the ability of some common 
metals and alloys to resist the corrosive effects of various liquids and 
gases. Such information is highly important in the selection of 
valves, fittings, and other equipment. 

It should be kept in mind that these charts are indicative only. 
The recommendations are tentative and, when all the facts are known, 
the recommendations may change. 

In general, No. 1 indicates that the corresponding metal and 
liquid or gas can be used together. However, some unexpected vari¬ 
able in a particular installation may veto such a recommendation. 

No. 2 is a warning to proceed with caution. Usually it is meant 
to indicate that corrosion is to be expected, but that the rate will 
not be dangerously rapid. Again, it may indicate that a material 
will be satisfactory from the standpoint of probable life, but it is not 
suitable because even slight corrosion may be objectionable. 

No. 3 indicates that a certain combination is not recommended, 
although there may be exceptions. 

No notation indicates either a lack of data or a lack of necessity 
for using certain material. It does not necessarily forbid the corre¬ 
sponding metal-fluid combinations. 

The terms “iron” and “steel” and “brass” refer to a group of 
alloys, rather than to any specific one. 



76 


MANUAL FOR PROCESS ENGINEERING 


Table D-26.— Corrosion Resistance of Common Metals and Alloys 
[L. G. Vande Bogart, Research Engineer, Crane Co., Chicago, Ill. 
Reprinted from Factory Management and Maintenance , 103, No. 1, 145-148 

(1945)] 

Key: 1. Can be and is being successfully used. 

2. Proceed with caution. Used where corrosion is permissible; for 
temporary installations; where cost of better materials is too high, etc. 

3. Should not be used. 

Unnumbered: Information lacking. 



Iron 

and 

steel 

Ni-re¬ 
sist.. 

cast 

iron 

18-8 

Mo 

Monel 

metal 

Nickel 

Red 

brass 

Acid-re¬ 

sisting 

bronze 

Alumi¬ 

num 

Acetate solvents, crude. 

2 

2 

2 

1 

1 

2 

1 

1 

Acetate solvents, pure. 

2 

1 

1 

1 

1 

1 

1 

1 

Acetic acid, crude. 

2 

2 

1 

2 

2 

2 

1 

2 

Acetic acid, pure. 

3 

3 

1 

1 

2 

3 

1 

1 

Acetic acid vapors 1 . 

3 

3 

1 

2 


2 

3 

2 

Acetic anhydride. 

2 

1 

1 

1 


3 

2 

1 

Acetone. 

1 

1 

1 

1 


1 

1 

1 

Acetylene 2 . 

1 

1 

1 

1 

1 

3 

3 

1 

Alcohols. 

1 

1 

1 

1 

1 

1 

1 

1 

Aluminum sulphate alums. 

3 

2 

1 

1 


2 

2 

2 

Ammonia gas* 

1 

1 

1 

1 

1 

3 

3 

1 

Ammonium chloride. 

Ammonium hydroxide, ammonia 

2 

1 

2 

1 

1 

2 

2 

3 

liquors. 

1 

1 

1 

2 

o 

3 

3 

1 

Ammonium nitrate 4 . 

1 

2 

1 

2 

2 

3 

3 

1 

Ammonium phosphate (monobasic).. 

3 

2 

1 

2 


2 

1 

3 

Ammonium phosphate (dibasic). 

2 

1 

1 

1 


2 

2 

1 

Ammonium phosphate (tribasic).... 

1 

1 

1 

1 

1 

2 

2 

1 

Ammonium sulphate. 

1 

1 

2 

1 

1 

2 

1 


Beer 5 . 

2 

2 

1 

1 

1 

1 

1 

1 

Beet sugar liquors. 

1 

1 

1 

1 

1 

2 

2 

1 

Benzene or benzol. 

1 

1 

l 

1 

l 

1 

1 

1 

Benzine. 

1 

1 

1 

1 

1 

1 

1 

1 

Borax. 

1 

1 

1 

1 

1 

2 

! 2 

2 

Boric acid. 

3 

2 

1 

1 

1 

2 

1 

1 

Butane, butylenes, 5 butadiene. 

1 

1 

1 

2 

2 

1 

1 

1 

Calcium bisulphite 7 . 

3 

3 

1 

3 

3 

3 

2 

2 

Calcium chloride 8 . 

1 

1 

2 

1 

1 

1 

1 

3 

Calcium hypochlorite. 

2 

2 

2 

2 

2 

O 

; 2 


Cane sugar liquors. 

1 

1 

1 

1 

1 

1 

1 

1 

Carbolic acid or phenol. 

2 

2 

1 

1 

1 

2 i 

2 i 

1 ’ 

Carbon dioxide, dry. 

1 

1 

1 

1 

1 

1 | 

i 

1 

Carbon dioxide, wet. 

2 

2 

1 

1 

1 

2 

2 

1 

Carbon disulphide. 

1 

1 

1 

2 


3 

3 

1 

Carbonic acid, carbonated beverages. 

3 

3 

1 

1 

1 

2 

2 

1 

Carbon tetrachloride*. 

2 

2 

2 

1 

1 

2 

2 

2 

Chlorine, dry 10 . 

I 

1 

2 

1 

1 

2 

2 


Chlorine, wet 10 . 

3 

3 

3 

3 

3 

3 

3 

3 

Chromic acid 11 . 

2 

2 

1 

2 1 

2 

3 

2 

2 

Citric acid. 

3 

2 

1 

1 

1 

2 

1 

1 

Copper sulphate 12 . 

3 

2 ! 

1 

2 

2 

3 

3 

3 

Core oils. 

1 





1 

I 


Cottonseed oil. 

1 

1 

1 

1 

1 

2 

1 

! 
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Table D- 26 . —Corrosion Resistance op Common Metals and Allots 

(.Continued) 



Iron 

and 

steel 

Ni-re- 

sist. 

cast 

iron 

18-8 

Mo 

Monel 

metal 

Nickel 

Red 

brass 

Acid-re¬ 

sisting 

bronze 

Alumi¬ 

num 

Creosote, crude. 

1 

1 

1 

1 

1 

2 

1 

1 




1 

1 

1 

1 

1 

1 

Ethylene glycol. 

1 

1 

1 

1 

1 

1 

1 

1 

Ferric chloride 11 . 

3 

3 

3 

3 

3 

3 

3 

3 

Ferric sulphate 12 . 

3 

3 

1 

2 

2 

3 

2 

3 

Formaldehyde. 

2 

2 

1 

1 

1 

1 

1 

1 

Formic acid. 

3 


2 

2 

2 

3 

2 

3 

Freon, wet. 

2 

1 

2 

1 

1 

1 

1 

1 

Freon, dry. 

1 

i 

1 

1 

1 

1 

1 

1 

Furfural. 

1 



1 

1 

1 

1 

1 

Gasoline, sour. 

2 

2 

1 

2 


3 

3 

1 

Gasoline, refined. 

1 

1 

1 

1 


1 

1 

1 




1 

1 

1 

3 

2 

1 

Glucose. 

1 

1 

1 

1 

1 

1 

1 

1 

Glue. 

1 

1 

1 

1 

1 

1 

1 

1 

Glycerine or glycerol. 

1 

1 

1 

1 

1 

1 

1 

1 

Hydrochloric acid or muriatic acid 14 . 

3 

3 

3 

2 

2 

3 

2 

3 

Hydrofluoric acid 15 . 

2 

3 

3 

2 

2 

3 

2 

3 

Hydrogen gas 18 . 

1 

1 

1 

1 

1 

1 

1 

1 

Hydrogen peroxide. 

3 

3 

1 

1 

1 

3 

2 

1 

Hydrogen sulphide, 17 organic sul- 









phur compounds. 

1 

1 

1 

2 

2 

3 

3 

1 

Lacquers and lacquer solvents. 

2 

1 

1 

1 

1 

1 

1 

1 

Lime-sulphur. 

1 

1 

1 

1 

1 

3 

3 


Magnesium chloride.««.. 

2 

2 

; 2 

1 

1 

2 

1 

3 

Magnesium hydroxide. 


1 

i i 

1 

1 

2 

2 

3 

Magnesium sulphate. 

1 

1 1 1 

i i 

1 

1 

1 

1 

1 

Mercury. 

1 

1 

i i 

1 

1 

3 

3 

3 

Milk. 

3 

3 

i i 

2 

1 

3 

3 

1 

Molasses. 

1 

1 

1 i 

1 

1 

1 

1 

1 

Nickel chloride 18 . 



i 2 

2 

2 

3 

3 

3 

Nickel sulphate 18 . 



1 2 

2 

2 

2 

2 

3 

Nitrating acids (water <20%, sul¬ 









phuric > 15%). 

2 

2 

i 2 

3 

3 

3 

3 

3 

Nitrating acids (water >20%, sul¬ 









phuric < 15%). 

3 

3 

2 

3 

3 

3 

3 

3 

Nitrating acids (water > 20 %, nitric 









< 15%). 

3 

3 

3 

3 

3 

3 

3 

3 

Nitrating acids (sulphuric + nitric 









= 1 % or less). 

3 

2 

1 

3 

3 

3 

3 

1 

Nitric acid, crude. 

3 


2 

3 

3 

3 

3 

2 

Nitric acid, pure 18 . 

3 


1 

3 

3 

3 

3 

2 

Oleic acid. 

2 

2 

1 

1 


2 

1 

1 

Oxalic acid. 

2 

2 


1 


2 

1 

1 

Oxygen.. 

1 


1 

1 


1 

1 

1 

Palmitic acid. 

2 

2 

1 

1 


2 

1 

1 

Petroleum oils, not refined. 

1 

1 

2 



2 

2 


Petroleum oils, refined. 

1 

1 

1 

1 

1 

1 

1 

1 

Phosphoric acid, crude. 

2 


2 

2 

2 

3 

3 

3 

Phosphoric acid, pure ( <45 %). 

3 


1 

2 


3 

2 

3 

Phosphoric acid, pure ( <45 %, cold). 

3 


1 

2 


3 

3 

3 

Phosphoric acid, pure 20 (<45%, 









hot). 

3 


2 

2 

3 

3 

3 

3 

















































78 


MANUAL FOR PROCESS ENGINEERING 


Table D- 26 .—Corrosion Resistance of Common Metals and Alloys 

( Concluded ) 



Iron 

and 

steel 

Ni-re- 

sist. 

cast 

iron 

18-8 

Mo 

Monel 

metal 

Nickel 

Red 

brass 

Acid-re¬ 

sisting 

bronze 

Alumi¬ 

num 

Picric acid (aqueous solution). 

2 


1 

3 

3 

3 

3 

1 

Potassium chloride. 

1 

1 

2 

1 

1 

1 

1 

2 

Potassium hydroxide. 

2 

1 

2 

1 

1 

3 

3 

3 

Potassium sulphate. 

1 

1 

2 

1 

1 

1 

1 

1 

Propane gas 6 . 

1 

1 

1 

1 

1 

1 

1 

1 

Rosin, dark. 

1 

1 

1 

1 

1 

2 

1 

1 

Rosin, light. 

3 

2 

1 

1 

1 

3 

3 

1 

Shellac, orange. 

1 

1 

1 

1 

1 

1 

1 

1 

Shellac, bleached. 

3 

2 

1 

1 

1 

2 

2 

1 

Soda ash or sodium carbonate. 

1 

1 

1 

1 

1 

2 

2 

3 

Sodium bicarbonate or baking soda. 

2 

1 

1 

1 

1 

2 

1 

2 

Sodium bisulphate. 

3 

2 

2 

1 

1 

2 

1 

2 

Sodium chloride. 

1 

1 

2 

1 

1 

1 

1 

2 

Sodium cyanide. 

1 

2 

1 

2 

2 

3 

3 

3 

Sodium hydroxide. 

1 

1 

2 

1 

1 

2 

2 

3 

Sodium hypochlorite. 

3 

2 

2 

2 

2 

3 

3 

3 

Sodium metaphosphate. 

2 


1 

1 


2 

1 

1 

Sodium nitrate. 

1 

1 

1 

1 

1 

l 2 

2 

1 

Sodium perborate and sodium perox¬ 
ide . 

2 

1 

1 

1 

1 

2 

2 

1 

Sodium phosphate (monobasic). 

2 


1 

1 

1 

2 

1 

1 

Sodium phosphate (dibasic). 

2 

1 


1 

1 

1 

1 

1 

Sodium phosphate (tribasic). 

1 

1 

| 1 

1 

1 

3 

3 

3 

Sodium silicate. 

1 

1 

1 

1 

1 

3 

3 

3 

Sodium sulphate. 

1 

1 

2 

1 

1 • 

1 

1 


Sodium sulphide. 

1 

1 

! i 

1 

1 

3 

3 

3 

Sodium thiosulphate or “hypo”... . 

2 


i 

2 

2 

3 

3 

2 

Stearic acid. 

2 

2 

i 

1 

| 1 

2 

2 

1 

Sulphate liquors 21 . 

1 

1 

i 

1 


3 

3 

3 

Sulphur. 

1 

2 

2 

2 

2 

3 

3 

1 

Sulphur chloride. 

2 

1 

2 

1 

1 

3 

3 


Sulphur dioxide, dry 22 . 

1 

1 

1 

1 


1 

1 

1 

Sulphur trioxide, dry 23 > 24 . 

1 

1 

1 

1 


1 

1 

1 

Sulphuric acid 23 (98 % to fuming)... 

1 

1 

2 

3 

3 

3 

3 

2 

Sulphuric acid (75-95%) 25 . 

1 


3 

3 

3 

3 

3 

3 

Sulphuric acid (10-75%) 26 . 

3 

2 

3 

1 

2 

3 

2 

3 

Sulphuric acid (< 10 %). 

3 

2 

2 

1 

2 

2 

1 

3 

Sulphurous acid. 

3 


1 

3 

3 

3 

1 

2 

Tar. 

1 

1 

1 

1 

1 

1 

1 

1 

Tartaric acid. 

3 

2 

1 

1 

1 

2 

1 

1 

Toluene or toluol. 

1 



1 


1 

1 

1 

Trichloroethylene*. 

2 

2 

2 

1 

1 

2 

2 


Turpentine. 

2 

1 

1 

1 


2 

2 

1 

Varnish. 

2 

2 

1 

1 

1 

1 2 

2 

1 

Vegetable oils. 

1 

1 

1 

1 

1 

1 

1 

1 

Vinegar. 

2 

2 

1 

1 

1 

2 

2 

2 

Water, fresh (boiler feed, etc.). 

1 

1 


1 

1 

1 

1 

2 

Water, distilled 26 (laboratory grade). 

3 

3 

1 

2 

1 

3 

3 

1 

Water, distilled (return condensate). 

1 

1 

1 

1 

1 

1 

1 

1 

Water, salt (sea water, etc.). 

2 

1 

2 

1 

2 

1 

1 

2 

Whiskey and wines. 

3 

2 

1 1 

2 

1 

2 

2 

2 

Zinc chloride. 

2 

2 

3 ! 

1 


3 

3 

3 

Zinc sulphate. 

2 

1 


1 


2 

2 
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Reference Notes for Table D-26 

1. Severe corrosion sometimes experienced at locations where liquid changes to vapor and 
vice versa. 

2. Iron and steel used, but combinations that produce sparks should be avoided at valve seats. 
High-copper alloys prohibited by codes. Yellow brass acceptable. 

3. These recommendations apply to industrial use of ammonia gas and to low-temperature 
stages of its manufacture. They do not all apply to the handling of hot gases in its manufacture by 
the synthetic process. 

4. Iron and steel used. Some trouble experienced with hot solutions, especially adjacent to 
welds. Wherever possible, welds should be stress-relieved. Stainless steel first choice. 

5. Iron and steel used for handling beer in the alcohol industry but not permissible in the 
beverage industry. 

6. Recommendations do not apply to handling of these compounds at high temperatures. 
Behavior when hot depends largely on amount and nature of impurities. See Note 17, also Note 16. 

7. Commonly encountered as pulping liquor in the pulp and paper industry. Copper and brass 
have been used in past and can be used again in emergency. Stainless steel (Type 316 or 317) 
preferred. Bronze valves should be trimmed with stainless steel. 

8. Iron and steel used for refrigerating brines. Severe corrosion indicates need for control of 
solution. 

9. These recommendations are based on industrial uses of the solvent. Galvanized steel 
commonly used for tanks, piping, etc. Iron and steel are widely used in manufacture of solvent, 
with good success. 

10. Industrial applications of “dry” chlorine frequently involve locations where moisture is 
present. Steel gives good results as piping material but something better is needed for critical 
parts. Steel valves trimmed with monel or Hastelloy C give good results. Nonmetals required 
for wet gas and aqueous solutions. 

11. Steel, with or without lead lining, used for tanks, piping, etc. Corrosion of unlined steel 
adjacent to welds is common. Wherever possible, welds should be stress-relieved if steel is not to be 
lined. Impingement by rapidly moving solution, especially when hot, may cause severe corrosion. 

12. Presence of copper sulphate and/or ferric sulphate in dilute sulphuric acid inhibits the 
attack of this acid on stainless steel. 

13. Nonmetals usually indicated. Hastelloy C used with some success. 

14. Nonmetals usually indicated. Hastelloys used with excellent results. Hastelloy B used 
as trim in steel valves in hydrochloric alkylation. Red brass or bronze valves with nickel-alloy 
trim work well with dilute solutions (<1 per cent). Do not use Hastelloys with acid that has 
previously been in contact with copper alloys and has become contaminated with copper salts. 

15. Steel standard for piping in hydrofluoric acid manufacture and in hydrofluoric alkylation. 
Steel valves should be trimmed with monel metal or Hastelloy B. 

16. Recommendations apply to gas when used at ordinary temperatures. Extreme care 
should be exercised when the gas is to be handled at elevated temperatures, as in hydrogenation and 
dehydrogenation processes, etc. 

17. Recommendations apply to dry gas at ordinary temperatures. Nickel alloys are very 
susceptible at elevated temperatures. 

18. Commonly encountered as constituents of nickel-plating solutions, when equipment should 
be lead, lead-lined, Duriron, or rubber-lined. 

19. Straight chromium alloys used in preference to chromium-nickel alloys when feasible to 
do so. 

20. Special high chromium-nickel alloys required. 

21. Includes black, green, and white liquors encountered in kraft paper mills. Iron and steel 
used for general piping. Low-nickel (1-2 per cent cast iron much superior to nickel-free cast iron 
and widely used for valve bodies, fittings, etc. Stainless steel used for valve trim. Evaporator 
tubes may require special alloys. 
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22. When gas is wet, apply recommendations for sulphurous acid. 

23. When gas is wet, apply recommendations for sulphuric acid (<10 per cent). 

24. Sulphur trioxide, either as a constituent of fuming sulphuric acid or when being handled 
as a gas, is capable of penetrating cast iron along the grain boundaries and causing intergranular 
cracking. Much cast-iron equipment is used, but safety considerations suggest that steel should be 
used wherever possible. 

25. Special high chromium-nickel alloys having good resistance to a wide range of concentrations 
are being used. Ordinary iron and steel good where concentration remains over 90 per cent. 
Absorption of moisture from the air dilutes exposed acid and makes it more corrosive to iron. 

26. Current practice in many cases where a mineral-free water is required is to use the effluent 
from a softener employing “hydrogen” zeolites. Such water may be distinctly “acid” and cor¬ 
respondingly corrosive. Final application may require that it be handled in rubber-lined pipe or in 
piping made of stainless steel, monel metal, etc. 
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c. Nonmetallics. —Ceramic stoneware, glass, and glass-lined equip¬ 
ment are frequently used because of their resistance to acids (except 
hydrofluoric) and oxidizing agents. Rubber-lined equipment is also 
employed for handling many acids (strongly oxidizing or anhydrous 
acids, however, may attack). Carbon products are resistant to most 
reagents and are frequently employed in heat exchangers in preference 
to other nonmetallics of lower thermal conductivity. 

Woods present fair resistance to acid solutions, salts, and other 
reagents and are widely used in construction of tanks and large piping 
to take advantage of the relatively low cost. 

Plastics are as yet not in wide use by the process industry. Their 
chief advantage so far appears to be for manufacture of small parts 
(such as bottle closures) to be used in contact with corrosive reagents. 
Saran pipe and tubing, cellulose-acetate tubing, and Tygon tubing 
have recently received favorable attention because of corrosion resist¬ 
ance and ease of handling. Data on resistance of a few plastics are 
given in Table D-27. 

The use of plastics in conjunction with other materials, i.e. y for 
impregnating woods and as protective coatings for metals, will no 
doubt become of increasing importance. 



Table D-27.— Effect on Plastics of Immersion for 7 Days in Chemical Reagents at 25°C 
(Chem. & Met. Eng. f September, 1944. From a paper, Resistance of Plastics to Chemical Reagents, by G. M. Kline, R. C. Rinker, 
and H. F. Meindl presented before Chicago meeting of A.S.T.M., June 24, 1941) 
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Casein 

plastic 

Rubbery 

Swollen; 

rubbery 

Swollen, 

cracked 

Swollen; 

cracked 

Rubbery; 

split 

None 

Decom¬ 

posed 

Broken 

up 

Swollen; 

split 

Swollen; 

rubbery 

None 

Cold- 

molded 

phenolic 

None 

None 

None 

Cracked 
on drying 
None 

None 

Decom¬ 

posed 

Decom¬ 

posed 

None 

None 

None 

Ethyl- 
cellulose 
No. 1 

None 

None 

None 

None 

None 

Decom¬ 

posed 

None 

None 

None 

None 

None 

Cellulose 

acetate 

Crazed; 

softened 

Swollen 

Decom¬ 

posed 

Decom¬ 

posed 

Swollen 

None 

Decom¬ 

posed 

Surface 

attacked 

Opaque; 

soft 

Swollen 

None 

Cellulose 

nitrate 

None 

None 

None 

None 

None 

None 

Crazed 

Crazed 

Crazed; 

dis¬ 

colored 

None 

None 

1 

Styrene 

resin 

molded 

None 

None 

None 

None 

None 

None 

None 

None 

Dis¬ 

colored 

| 

None 

I 

None 

Methyl 

metha¬ 

crylate 

resin 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

Vinyl 

butyral 

resin 

None 

Cloudy 

Cloudy 

Cloudy 

Cloudy 

Tacky 

None 

Slightly 

cloudy 

Opaque 

Slightly 

cloudy 

None 

Vinyl 

chloride- 

acetate 

resin 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

Urea 

formal¬ 

dehyde 

lami¬ 

nated 

Surface 

attacked 

Surface 

attacked 

Delami¬ 

nated 

Delami¬ 

nated 

None 

None 

Surface 

attacked 

None 

None 

None 

None 

Urea- 

formal¬ 

dehyde 

molded 

Surface 

roughened 

Surface 

roughened 

Surface 

roughened 

Surface 

roughened 

None 

None 

None 

None 

None 

None 

None 

Phenol- 

formal¬ 

dehyde 

lami¬ 

nated 

Edges 

swollen 

Edges 

swollen 

Edges 

swollen 

Edges 

swollen 

Edges 

swollen 

None 

Delami¬ 

nated 

Edges 

swollen 

Dis¬ 

colored; 

edges 

swollen 

Dis¬ 

colored 

Edges 

swollen 

Phenol- 

formal¬ 

dehyde 

cast 

None 

None 

None 

None 

None 

None 

Decom¬ 

posed 

Decom¬ 

posed 

Dis¬ 

colored 

Dis¬ 

colored 

None 

Phenol- 

formal¬ 

dehyde 

molded 

lllllllli i 1111!s i i 

m gd | m g m g ^ 525 ^ 


30% sulphuric acid. 

3 % sulphuric acid. 

10% nitric acid. 

10% hydrochloric acid... 

5% acetic acid. 

Oleic acid. 

10 % sodium hydroxide... 

1 % sodium hydroxide.... 

10 % ammonium hydroxide 

2 % sodium carbonate.... 

10% sodium chloride. 
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% 

3 


Casern 

plastic 

Swollen; 

rubbery 

Swollen; 

rubbery 

Swollen; 

rubbery 

None 

None 

None 

None 

None 

None 

None 

Cold- 

molded 

phenolic 

vgvagvoocDuo 

gcggccgecfl 

oooooocooo 

Ethyl- 
cellulose 
No. 1 

None 

None 

Swollen; 

cracked 

Dissolved 

Dissolved 

Dissolved 

Dissolved 

Dissolved 

Dissolved 

Swollen; 

cracked 

Cellulose 

acetate 

None 

None 

Partly 

dissolved 

Partly 

dissolved 

Dissolved 

Dissolved 

Soft; 

swollen 

None 

None 

None 

Cellulose 

nitrate 

None 

None 

None 

Dissolved 

Dissolved 

Dissolved 

Partly 

dissolved 

None 

Partly 

dissolved 

None 

Styrene 

resin 

molded 

None 

None 

None 

None 

Dissolved 

Dissolved 

Dissolved 

Dissolved 

Dissolved 

Partly 

dissolved 

Methyl 

metha¬ 

crylate 

resin 

None 

None 

Slightly 

swollen 

Surface 

attacked 

Dissolved 

Dissolved 

Dissolved 

Surface 

attacked 

Dissolved 

None 

Vinyl 

butyral 

resin 

Cloudy 

Cloudy 

Swollen; 

rubbeiy 

Dissolved 

Swollen; 

opaque 

Decom¬ 

posed 

Decom¬ 

posed 

Swollen; 

rubbery 

Swollen; 

rubbery 

None 

Vinyl 

chloride- 

acetate 

resin 

None 

None 

None 

None 

Dissolved 

Decom¬ 

posed 

Dissolved 

None 

Soft, 

rubbery 

None 

1 

1 

Urea 

formal¬ 

dehyde 

lami¬ 

nated 

Delami¬ 

nated 

None 

None 

None 

None 

None 

None 

None 

None 

None 

Urea- 

formal¬ 

dehyde 

molded 

Surface 

dulled 

None 

None 

None 

None 

None 

None 

None 

None 

None 

Phenol- 

formal¬ 

dehyde 

lami¬ 

nated 

None 

None 

None 

None 

Blistered 

None 

None 

None 

None 

None 

Phenol- 

formal¬ 

dehyde 

cast 

Dis¬ 

colored 

None 

None 

None 

Softened 

None 

None 

None 

None 

None 

Phenol- 

formal¬ 

dehyde 

molded 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 


3% hydrogen peroxide... 

Distilled water. 

50% ethyl alcohol. 

05% ethyl alcohol. 

Acetone. 

Ethyl acetate. 

Ethylene chloride. 

Carbon tetrachloride. 

Toluene. 

Gasoline. 












Table D-28. —Materials of Construction for Chemical-engineering Equipment as Reported by Typical Users 

(Chem. & Met. Eng., September, 1944) 
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d. Materials Used in Typical Services. 


Bromine 





74 



3 

eo 

CO 

86, 33, 84 

33, 86 




74 

74 



Ammonium 

sulphate 






7, 54 









42,7 



Ammonium 

nitrate 



'76 


16, 68, 9 | 









10, 11 



80, 76, 10 

Ammonia 

soda 

alkalies 

o 


10,9 | 


20, 93, 10, 9 j 

10, 74 

10,9 

10,9 

10, 57, 54, 3 

10, 57, 54, 3 

69 


10,9 | 

10,9 | 

10, 9 

10,9 

10, 57, 58 

Aluminum 

chloride, 

anhydrous 





54, 9 


54 | 


OS 

50L, 74, 9 

54 | 


| 10, 54 





Alcohol 

© 

<N 

Os 


Os 

7, 74 


21,74 

21,7,2 

_i 

<N 


Os 

01 | 

OS 

10,9 


21,7 

Acetic 

anhydride 

<N 

3, 7, 28,41,78 

3,7,28,41,78 

3,7,28,41,78 


3, 7, 28, 41,78 


21,3,7,28,41, 

78 

21,3, 7, 28,41, 
78 

21,3,7,28,41, 

78 


21,3,7, 28,41, 
78 



21,3, 7, 28,41, 
78 


21,3, 7, 28,41, 
78 

Acetic acid 

21,5, 78,28,41 

21,5,78, 28,41 

21,5,78, 28,41 

21,5,78,28,41 j 


21,5,78,28,41 


21,5,78,28,41 

21,5, 78, 28, 

41, 72 

21,5, 78, 28, 
41,72 


21,5,78,28,41 


21,5,78, 28,41 

21, 5, 78, 28,41 

21,5,78, 28,41 1 

21,5,78,28,41 


Absorbers. 

Acetylators. 

Agitators. 

Autoclaves. 

Bins and hoppers. 1 

Centrifugals. 

Classifiers. 

Columns, fractionating... 

Condensers. 

Condenser tubes. 

Conveyers. 

Cookers. 

Crushers and grinders.... 

Crystallizers. 

Driers. 

Drying towers.| 

Evaporators. 


* Numbers given indicate materials of construction as listed on p. 93. 

















21, 5, 78, 28, 
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74 

57 


33, 84, 50, 71 

33,84 

74 



84 

33, 50L, 84 

33, 86 


50L 



3 

CO* 

CO 

© 

33, 39. 84, 74 






© 

42, 94, 54 













at 

© 

3 

a. 

90 

N 

od 

«0 


© 

81, 80 

© 

81,76,9 

10, 76 



76, 9 


66, 16, 68, 93, 

9, 61 



CO 

C5 

©' 

3C 

© 

© 




10, 76 


© 

10, 3, 9 

10 

10, 9 

10, 74, 54 

10, 9 


74 

10 1 

47,61,93,9,57 

© 

o' 

10, 9 

10, 9 j 

! j 

10, 20, 9 

© 

00 

3 

eo 

00 

© 

N 

o' 

05 



o> 


at 



29 

54, 9 


C5 

at 






93, 0, 23, 67 j 

10, 7, 64 

r- 

05 

CM 

21 

1 

21,74,48,9 

10, 7, 54 


10 

L ‘H‘ | 

10,9 | 

93, 61, 33, 9 

Oi 

C5 

93, 9 

. 


84,8 j 

10, 7, 54 


21, 3, 7, 28, 41, 
78 

21, 3,7,28,41, 
78 

21, 3, 7, 28,41, 
78 

21,3,7, 28,41, 
78, 9 

| 

21, 3, 7, 28, 41, 
78, 43, 10 

21,3,7,28,41, 

78 

21,3,7, 28, 41, 

| 78 



3,9 

21, 3. 7, 9, 28, 
41,78 

21,3,7,9,28, 

41,78 

21, 3, 7, 28, 41, 
78, 9 

. 



3 

3 

21, 3, 7. 28, 41, 

I 84, 78. 9, 72L 

1 

CO 

N 

21, 5, 78, 28, 

41, 23 

21,5,78, 28,41 

21,5,78, 28,41 

3, 21, 5, 78, 28. 
41, 7, 74, 33, 
33L 

21, 5, 78, 28, 
41, 43 

21,5,78, 28,41 

21,5,78, 28,41 

21,5, 78, 28,41 | 

21,5,78, 28,41 

93, 3, 33, 9. 93 

21, 5, 78, 28, 

1 41.72L 

21, 5, 78, 28, 

41, 23 

3,21,5,78, 28, 1 
41, 23, 84, i 
69L, 1 

21,5, 78, 28, 

41, 23 

21, 5, 78, 28, 

41, 23 

3 

3 

3, 7, 21, 5, 78, 
28, 41, 23, 15, 
74 

i 

Fans and blowers.j 

Fermenters.| 

Filter presses. 

Heat exchangers. 

Kettles. 

Piping. 

Pumps. 

Reaction vessels. 

Retorts. 

Screens.] 

Scrubbers. j 

Shipping containers. 

Stills. 

Tanks, settling. 

Tanks, storage. 

Tanks, wash. 

Thickeners.1 

Tower packing. 

Valves and fittings. 

















Table D-28. —Materials of Construction for Chemical-engineering Equipment as Reported by Typical Users ( Continued) 
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Formaldehyde 


















Ethyl acetate 

30 

21, 74, 33L, 7, 
50L 

21, 74 





21, 74 

21,74 | 

21,74 ! 








j Dyes 

o 

00 

© 

02 

33L, 3 

70, 51, 93, 39, 

9, 10, 33L, 74, 
50 

58,9, 10, 13,74 

58, 9, 74 | 

70, 54, 7, 9, 74 | 


9, 10, 21, 74 

02 

~r 

*c 

oi 

02 

Os 

02 

13 | 10, 9, 74 

o 

54, 9, 10, 74 


9, 10 

Chromic acid 



00 


C2 









Chlorine, 

wet 

84, 33L, 69L, 

48 


70, 33L, 39 












| 69L, 84, 33 

69L, 84, 33, 64, 
71 


Chlorine, ! 
dry 

: 

84, 33L, 69L, 
48, 9 


70, 33L, 39 





02 

02 

02 





| 69L, 84, 33 

69L, 84, 33, 7 

57, 9 

— 

Cellulose 

acetate 


7,21,77, 57,58 



eo 

77,7 | 



74 






CO 



Cane-sugar 

refining 



10, 6, 9 


32,74 1 

7, 74 

02 


9, 21 

<N 

<N 

9,7 

02 

02 

02 

02 


9, 10, 21 


Absorbers. 

Acetylators. 

Agitators. 

Autoclaves. 

Bins and hoppers. 

4 

! 

i 

o 

Classifiers. 

Columns, fractionating... 

Condensers. 

Condenser tubes. 

Conveyers. 

Cookers. 

Crushers and grinders_ 

Crystallizers. 

Driers. 

Drying towers. 

Evaporators. 
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Table D-28. —Materials of Construction for Chemical-engineering Equipment as Reported by Typical Users ( Continued) 


88 MANUAL FOR PROCESS ENGINEERING 


Methylene 

chloride 









81 l \L 










Magnesium 

sulphate 



9, 54 


C5 

9, 57 

C5 


a 

05 

05 



9, 54 | 

9, 54 


9, 74 

05 

Magnesium 

chloride 

! 



45 


05 

| 45 

*-C 


1*5 

05 

9f ‘6 

c 

05 


01 ‘6 

$ 

co 

05 

9, 45, 29L 

9, 1L, 45 

9, 1L, 45 | 

05 

Lactic acid 



96 | 


| 74 




fl | 

Vl 







21 > 74 ! 


Hydrofluoric 

acid 



















Hydrochloric 

acid 

85, 1, 48, 86, 

40, 31. 15L, 
84, 65L 





' 


48, 40, 85, 1, 
65L 

oo 

50 

» 

05 

00 

s 






j I, 85L, 65L | 

48, 86, 1L, 65L | 

40, 91, 36L, 64, 
84, 15 

Glycerine 






1C 

•<* 

00 

cs 



V 

ci 

05 






05 

<N 

C 


Formic acid 



74 


Bins and hoppers. 9 

Centrifugals.i 



74 

74 










Absorbers. 

Acetylators. 

Agitators. 

Autoclaves. 

Classifiers. 

Columns, fractionating... 

Condensers. 

Condenser tubes. 

Conveyers. 

Cookers. 

Crushers and grinders.... 

Crystallizers. 

Driers.1 

Drying towers. j 

Evaporators.J 

Fans and blowers. 



















Filter presses. 10,32,59 ] 8,34,70 | 10,59 10,9,93 

Heat exchangers. J 48, 80 j 9,45,59 9 
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Tower packing. 64,8,15 j 64 

Valves and fittings.| 26, 74, 43 9, 6 56, 69, 48, 54 53, 30, 54, 13 74, 72, 7, 69 { 10, 59 ’ 10, 74 
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Potassium 

hydroxide 



57 



9, 57 



57 

57 




57, 58 



57, 58 


Potassium 

chloride 



9, 10 


05 

| 54, 57, 45, 7 

05 



54 

05 


05 

05 

05 

_ 

10, 54, 9 

05 

Phosphoric 

acid 



70, 77, 50L, 1L | 


05 




10 


69 


69L, 50L, 9 




50L, 1L, 78, 35, 
51 

9, 70 

’o 

a 

© 

P-. 



77, 10, 9 



74 i 


_ 

05 

21, 57, 1L, 9 

| 17, 21, 57, 9, 77 

05 




05 


1L, 57, 10, 9, 

77 

05 

Paint and 
varnish 













05 






Nitric acid, 
weak 

81,80, 76,1,84 


76 






CO 

CO* 

co 

£eo 

QO 

<M 00 
00 

_ 







86, 43 


Nitric acid, 
strong 

81,80,76, 1,84 

_ 

76 

1 





43. 31, 33, 84 








86, 43 


Naphthalene 



o 

05 

05 

05 


05 

05 

05 

05 


05 

05 



05 

05 


Absorbers. 

Acetylators.1 

Agitators. 

Autoclaves.1 

Bins and hoppers. 

Centrifugals.1 

Classifiers.| 

Columns, fractionating... | 

Condensers. 

Condenser tubes. 

Conveyers. 

Cookers. 

Crushers and grinders.... 

Crystallizers. 

Driers. 

Drying towers.| 

Evaporators. 

Fans and blowers.| 



















Fermenters 
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Tower packing. 84, 64 i 64, 84, 33, 
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Sulphuric acid 

1, 84, 9 



50L, 1, 10 

OS 







50, 53 




1L 


50L, 9, 10 



1 9, 74, 10 


Sulphide pulp 

© 




93,9 | 






9,69 | 

!L | 






35 





Sulphate pulp 







OS 


os 

| 74, 9 ! 

1 69 

| 53, 9, 78 






| 9, 78, 95, 54, 16 





Sodium 

hypochlorite 

69L 


69L, 72, 86 



69L, 77, 72 

69L 


69L 

72, 33 



69L 

| 69L 

10, 33L 

_ 

| 69L, 72L 

69L j 


69L, 36, 92, 34 

72, 33 

33L, 72 

Sodium 

hydroxide 

lO 

Os 


9, 54, 57 


9, 54, 57 

9, 54, 57 

9, 54, 57 


9, 57 

© 

<N 

Os" 

9, 54, 57 


© 

9, 57 

10 

84, 1 | 

58, 10, 54, 57 

© 


| 10, 9, 57 

© 

© 

Sodium 
chromate and 
bichromate 



Os 

OS 

Os 

os 

OS 


Os 

1 9, 95 1 

Os 

cs 

| 9, 10 

| 9, 10 

© 


© 

OS 

© 


© 

© 

© 

Sodium 

chloride 



77 


54, 93, 58 

I 77, 54 





co 

os 

V 

Os' 

o 



| 10, 74, 9 

I 54, 54L, 95 


10,74,21,59,9 

_ 


| 59, 54 



Soap 



74, 54, 10, 7 


SO 

r* 

00 

o 

os 






1 9, 32 




cs 

© 

21, 12, 10 



3,21,6,7, 10,9 


58, 75, 9, 54L 


Absorbers. 

Acetylators.. 

Agitators. 

Autoclaves. 

Bins and hoppers. 

Centrifugals. 

Classifiers. 

Columns, fractionating... 

Condensers. 

Condenser tubes. 

Conveyers.! 

Cookers. 

Crushers and grinders.... 

Crystallizers. 

Driers. 

Drying towers. 

Evaporators. 

Fans and blowers.j 

Fermenters.] 

Filter presses.j 

Heat exchangers.| 

Kettles. 





















Reaction vessels. 9 9, 10,57,69L 69L, 33L, 20 
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CHAPTER E 


THERMODYNAMIC DATA 

Thermodynamics is the backbone of process engineering and, in 
fact, of a large portion of all engineering and physical science. Because 
of its importance there are available a large number of excellent texts 
on the subject, so that an exposition of the abstract principles of 
thermodynamics is neither necessary nor appropriate here. Below are 
listed a few of the more useful thermodynamic source books. 

Chemical Thermodynamics: 

Lewis and Randall, “ Thermodynamics and the Free Energy of Chemical Sub¬ 
stances,” McGraw-Hill Book Company, Inc., New York, 1923. 

Taylor and Glasstone, “A Treatise on Physical Chemistry,” 3d ed., D. Van 
Nostrand Company, Inc., New York, 1942. 

Steiner, “Introduction to Chemical Thermodynamics,” McGraw-Hill Book Com¬ 
pany, Inc., New York, 1941. 

MacDougall, “Thermodynamics and Chemistry,” 3d ed., John Wiley & Sons, 
Inc., New York, 1939. 

Engineering Thermodynamics: 

Weber, “Thermodynamics for Chemical Engineers,” John Wiley & Sons, Inc., 
New York, 1939. 

Lucke, “Engineering Thermodynamics,” Columbia University Press, New York, 
1941. 

Goodenough, “Principles of Thermodynamics,” 3d ed., Henry Holt and Company, 
Inc., New York, 1920. 

Croft, “Thermodynamics, Fluid Flow and Heat Transmission,” McGraw-Hill 
Book Company, Inc., New York, 1938. 

Dodge, “Chemical Engineering Thermodynamics,” McGraw-Hill Book Company, 
Inc., New York, 1944. 

Thermodynamic Data: 

“International Critical Tables,” McGraw-Hill Book Company, Inc., New York. 
Landolt-Bornstein, “ Physikalisch-Chemischen Tabellen,” 5th ed., Verlag Julius 
Springer, Berlin, 1936. 

Bichowsky and Rossini, “Thermochemistry of the Chemical Substances,” Rein¬ 
hold Publishing Corporation, New York, 1936. 

Parks and Huffman, “The Free Energies of Some Organic Compounds,” Rein¬ 
hold Publishing Corporation, New York, 1932. 

Latimer, “Oxidation States of the Elements and Their Potentials in Aqueous 
Solution,” Prentice-Hall, Inc., New York, 1938. (Free energy data.) 
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This chapter gives tabulations and charts of thermodynamic data 
which are useful for process calculation. At the end of ;,he chapter 
some of the basic laws and equations of thermodynamics are given in 
the hope that they may prove useful to those versed in the subject 
without confusing others. 

1. Equations of State 

a. The Perfect Gas Law. —This law applies to all gases and vapors 
at very low pressures and may be applied further to most gases and 
vapors at moderate pressures without large error. 

pV = RT (E-l) 

where p = pressure 
V = volume 

T = absolute temperature, °R or °K 
R = gas-law constant (values in Table E-l) 


Table E-l.— Values of Gas-law Constant, R 
pV = RT 


Units of 

R 

Pressure 

Volume 

Temperature 

Quantity of gas 

Psi 

Cu ft 

°R = °F + 459.7 

1 lb mole* 

10.71 

Psf 

Cu ft 

°R = °F + 459.7 

1 lb mole 

1,543 

Psi 

Cu ft 

°R = °F + 459.7 

1 SCFf 

0.02838 

Atm 

Cuft 

°R = °F + 459.7 

1 lb mole* 

0.729 

Atm 

Cu cm 

°K = °C + 273.16 

1 g mole 

82.06 

Energy units 


Btu/(lb mole)(°R), or cal/(g mole)(°K). 


1.9871 

Btu/(SCFU°F1.. 



0.005247 

Joule /(er molel^IQ . 

8.3144 







* The molecular weight expresses the number of pounds in a pound mole, 
f One standard cubic foot (SCF) is the quantity of gas contained in 1 cu ft at 
60°F and 30 in. of mercury (14.734 psi); 1 lb mole =* 378.7 SCF. This is the 
definition used by the gas industry; it differs from that used by the compressed gas 
industry which defines the standard cubic foot at 70°F and atmospheric pressure 
(14.696 psi). 

b. Reduced Equation of State. —A number of algebraic equations 
of state of varying degrees of accuracy and complexity have been 
developed. The most accurate of the simpler equations of state is 
the Dietrici equation: 
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p(V - b) = RTe RTV (E-2) 

The constants a and b appearing in this equation may be evaluated 
from the critical constants of the gas as follows: 


a = 2 RTcVc = 

. Vc RT C 
2 e 2 Vc 


4 R 2 T 2 = 
e 2 Vc 
RT C 
7.389 pc 


R 2 T * 
1.846p c 


where p = pressure 

p c = critical pressure, same units as v 
V = volume 

V c = critical volume, same units as V 
T = absolute temperature 
T c = critical temperature, same units as T 
e = 2.7183, the base of the Napierian logarithms 
R = gas constant (see Table E-l) 

Equation (E-2) may also be expressed in the “reduced” form: 


Vr(2Vr — 1) = T R e 


(- 


2 

TrVb 


) 


2 

7.38 9T K e T ‘ r * 


(E-3) 


J) 

where p R - the reduced pressure 
V 

V R = Yjr; the reduced volume 

y c 

T 

T r = the reduced temperature 

I c 

For most engineering purposes the reduced equation of state is 
more conveniently and accurately expressed in the following form: 


pV = zRT (E-4) 

The factor z y called the “compressibility factor,” expresses the devia¬ 
tion from the perfect gas law and is determined by the reduced pres¬ 
sures and temperatures. Figures E-l to E-3 give numerical values of 
z. Figure E-l is for vapors below the critical temperature; Fig. E-2 
is for gases at or above the critical temperature and Fig. E-3 applies 
to the very high pressure range. Equation (E-4) may be employed 
with any units, provided the appropriate value of R is chosen. 

To aid in the use of Eq. (E-4), the critical pressures and tem¬ 
peratures of a number of substances are given in Table E-2. 

The reduced equation of state also forms the basis of correlations 
of latent heats, viscosities, and other physical properties. 
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Table E-2.— Critical Temperatures and Pressures of Some Common 

Substances 

(Based mainly on data from “International Critical Tables” and horn Matteson 
and Hanna, Oil Gas J., May 21, 1942) 



Temperature 

Pressure 






°V 

°R 

Psi 

Acetic acid, CHaCOOH. 

611 

1071 

841 

Acetic anhydride, (CHaCO)aO. 

565 

1025 

676 

Acetone, CHaCOCHa. 

455 

915 

691 

Acetylene, C 2 H 2 . 

66.8 

556 

911 

Ammonia, NH«. 

! 271.4 

731 

1,657 

Aniline, C 6 H 5 NH 2 . 

1 800 

1260 

770 

Benzene, CtHs. 

551. 

1011 

700 

n-Butane, C 4 H 10 . 

305.6 

765 

551 

n-Butyl alcohol, CaHsOH. 

549 

1009 

711 

Carbon dioxide, CO 2 . 

88.0 

548 

1,073 

Carbon disulfide, CS 2 . 

523 

983 

1,117 

Carbon monoxide, CO. 

-218.2 

241.5 

514 

Carbon tetrachloride, CCI 4 . 

539.8 

1000 

661.5 

Chlorine, CI 2 . 

291.2 

751 

1,119 

Chlorobenzene, CeHsCl. 

678 

1138 

656 

Cyclohexane, C 6 H 12 . 

537.8 

998 

594 

Ethane, CaH«. 

90.1 

550 

708 

Ethyl acetate, CH 3 COOC 2 H 3 . 

482.2 

942 

556 

Ethyl alcohol, C 2 H 5 OH.j 

469.6 

929 

927 

Ethyl amine, C 2 H 5 NH 2 . 

362 

822 

816 

Ethylene, C 2 H 4 . 

49.5 

509 

749 

Ethyl ether, (C2 Hj)20. 

381 

841 

522 

n-Heptane, C?Hi6. 

512 

9,2 

397 

n-Hexane, CeHu. 

454.0 

914 

434 

Hydrazine, N 2 H 4 . 

7 16 

1176 

2,132 

Hydrogen, Ha. 

-399.8 

59.9 

188 

Hydrogen bromide, HBr. 

194.0 

654 

1,235 

Hydrogen chloride, HC1. 

124.5 

584 

1,200 

Hydrogen cyanide, HCN. 

362.3 

822 

735 

Isobutane, C 4 H 10 . 

273.2 

733 

544 

Isopentane, CsHia. 

370.0 

830 

482 

Methane, CH 4 . 

-116.5 

343.2 

673 

Methyl acetate, CHaCOOCHa. 

452.7 

912 

681 

Methyl chloride, CHaCl. 

289.6 

749 

967 

Methyl ether (CHa^O. 

260.4 

720 

764 

Nitrogen, Na. 

-232.8 

226.9 

492 

Nitrous oxide, N 2 O. 

97.7 

557 

1,054 

n-Octane, CsHu. 

564.8 

1025 

361 

Oxygen, Oa. 

-181.8 

277.9 

731 

Pentane, C 5 H 12 . 

387.0 

847 

485 

Phenol, C«H(OH... 

786 

1246 

889 

Propane, CjHs. 

206.2 

666 

617 

n-Propyl alcohol, CiHzOH. 

506.7 

966 

734 

Propylene, CaH#. 

196.8 

656 

668 

Pyridine, CaHaN. 

651.2 

1111 

882 

Sulphur dioxide, SOa. 

315 

775 

1,142 

Sulphur trioxide, SO*. 

425.0 

885 

1,229 

Toluene, CeHaCHi. 

609.1 

1069 

611 

Water, HaO. 

705.4 

1165 

3,206 
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Fig. E-l.—Compressibility factors for vapors below the critical temperature. 
(Thomson, Ind. Eng. Chem. 35, 895, (1943). By permission of the American Chemical 
Society.) 


Fugoci+y /Pressure, f/ P=y 
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Fig. E-2.—Compressibility factors of gases. (Reproduced by permission from 
“ Thermodynamics for Chemical Engineers,” by H. C. Weber, published by John Wiley & 
Sons, Inc., New York, 1939.) 



Fio. E-3.—Compressibility factors of gases at very high pressures. (Reproduced by 
permission from “ Thermodynamics for Chemical Engineers,” by H, C. Weber, published 
by John Wiley & Sons, Inc., New York, 1939.) 
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c. Gaseous Mixtures. —These may quite often be treated by either 
Dalton’s law of additive pressures or by Amagat’s law of additive 
volumes. 

Dalton’s law states that, in a mixture, each gas exerts the same 
(partial) pressure as if it alone occupied the volume and that the 
total pressure is the sum of the partial pressures of the individual 
components. 

Amagat’s law states that the volume occupied by a gaseous mixture 
is the sum of the volumes occupied by each component separately at 
the same temperature and pressure. 

Both Dalton’s law and Amagat’s law are obeyed when the compon¬ 
ent gases all obey the perfect gas law. Although both fail for imperfect 
gases, Amagat’s law is in the smaller error of the two. 

Most imperfect gases may be treated with fair accuracy by the 
method of Kay. 1 He defines the pseudocritical pressure as the molal 
average of the individual critical pressures and the pseudocritical 
temperature as the molal average of the individual critical tempera¬ 
tures. Stating this in equation form, 

Pc = Nipd + N 2 p C 2 + * * • (E-5) 

T c = NiTd + N 2 T c2 + • • • (E-6) 

where p c = pseudocritical pressure 

T c = pseudocritical temperature 
N i = mole fraction, component 1 
N 2 = mole fraction, component 2, etc. 

Pci = critical pressure of component 1, etc. 

Td — critical temperature of component 1, etc. 

From these pseudocritical constants the reduced temperature and 
pressure may be computed for use in the reduced equation of state 
[Eq. (E-4)] as for a pure gas. This relation fails in the neighborhood 
of the critical point but is otherwise probably sufficiently accurate for 
engineering calculations. 

d. Estimation of Liquid Densities. —Although the simple form of 
the reduced equation of state is not accurate when applied to the liquid 
state, the properties of liquids may be correlated by the use of the 
reduced temperatures and reduced pressures. Watson 2 discusses 
several such correlations. 

Figure E-4 is a chart for estimating liquid densities of saturated 

1 Ind. Eng. Chem., 28, 1014 (1936). 

* Jnd, Eng. Chem., 35, 398 (1943). 
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Fig. E-4. —Chart for estimating density of saturated liquids. 

liquids ( i.e ., under their own vapor pressures) from a single known 
density. 

2. Specific Heats and Sensible Heats 

a. Specific and Sensible Heats of Gases—The heat capacities of a 
number of common gases are given in Fig. E-5. With the possible 
exception of acetylene, these values are believed to be reliable, pro¬ 
vided the pressures are low. The heat capacities of hydrocarbons are 
based on the comprehensive tabulation of published data by Stull and 
Mayfield. 1 Values for bromine, 2 chlorine, 3 hydrogen sulphide, 4 
steam, 5 and other gases 6 are taken from several sources. 

1 Stull and Mayfield, Ind. Eng. Chem., 36, 639 (1943). 

2 Gordon and Barnes, J. Chem. Phys. 7 1, 692 (1933). 

3 Spencer and Justice, J. Am. Chem. Soc. 7 66, 2311 (1934). 

4 Cross, J. Chem. Pkys., 3, 825 (1935). 

3 Gordon, J. Chem. Phys., 2, 65 (1934). Keenan and Keyes, “Thermodynamic 
Properties of Steam,” John Wiley & Sons, Inc., New York, 1936. 

• Ellenwood, Kulik, and Gay, Cornell Univ. Eng. Exp. Sta. Bull. 30,1942. 

Note: Since preparation of the manuscript, considerable additional data on 
thermodynamics of hydrocarbons have been published. For example, see Pitzer, 
Ind Eng. Chem., 36, 830 (1944), saturated hydrocarbons at atmospheric pressures; 
and Scheibel and Jenny, Ind. Eng. Chem., 37, 990 (1945), saturated hydrocarbons 
up to 1,000 psi. 
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-200 0 200 600 1000 1400 1800 2200 2600 3000 

Temperature, Deg.F 

Fia. E-5.—Constant-pressure heat capacity of gases and vapors at low pressures. 

Specific heat data may be summarized by empirical equations of 
the following type: 

C P = a + bT - cT* - 4 (E-7) 


where C P = specific heat or heat capacity 
T = absolute temperature 

a, b, c, d, = empirical constants (usually one or more may be omitted) 
Equations of this type are given for the constant-pressure heat 
capacities of a number of common gases in Table E-3. 

The specific heat of a gas depends to some extent on the pressure. 
Figures E-6 to E-9 give the specific heats of air, hydrogen, carbon 
dioxide, and methane at various pressures. In the absence of specific 
data, the effect of pressure may be estimated by one or other of the 
following equations: 
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Cp — C“ + 9 ~f (when T R is less than 1.2) (E-8) 

1 R 

Cp = Cl + 5 (when T R is more than 1.2) (E-8a) 

where C p — heat capacity at low pressures, Btu/(lb mole)(°F) 

C p = heat capacity under pressure 
V 

Pr = —) the reduced pressure 

Pc 

T 

T r = the reduced temperature 


Table E-3.—Empirical Equations for Constant-pressure Heat Capacities 
of Gases and Vapors at Low Pressures 

C P — a + bT — cT 1 2 3 4 5 6 7 8 9 — Btu/(lb moleU°F), where T = °U 


Substance 

Molec¬ 

ular 

weight 

a 

b 

c 

d 

Range, 

°R 

Refer¬ 

ences 


26.036 

12.1 

0 0025 


1,000,000 

500-2500 

9 


17.032 

7.12 

0.00338 


129,000 

520-2500 

4 


78.108 

6.16 

0 0292 


490-1000 

7 


58.121 

4.64 

0 0310 



490-1200 

5 

1-Butylene, C 4 H 8 . 

56.105 

4.61 

0.0285 



490-1200 

5 


159.83 

8.42 

0.000541 

0.11 X 10"* 


500-2500 

1 


44.010 

10.34 

0.00152 


634,000 

500-2500 

2 


28.010 

6.60 

0.00067 

. 

400-3000 

2 


70.914 

7.58 

0.00135 

0.30 X 10~« 


500-2700 

1 


30.069 

4.26 

0.0158 



490-1200 

5 

Ethylene, C 2 H 4 . 

28.052 

3.08 

0.0162 

2.93 X 10-« 


500-2400 

6 

HyHrngpn, IT? . 

2.016 

6.62 

0.00045 



490-4500 

2 

HyHrngpn hrnmifjp TTBr 

80.92 

6.80 

0.00047 



360-2600 

2 

TTyHrngpn phlnriHp TTP,1 

36.46 

6.73 

0.00024 

0.11 X io-« 


500-3000 

1 

FTyrlrngpn o.yani^p, TTPN 

27.02 

10.13 

0.00115 


807,000 

760-2700 

4 

TTyrjrngpn sulphiHp, TT^S 

34.076 

7.15 

0.00184 



500-3000 

2 

Mftt.hjmn, GTT 4 . . , . ,. 

16.042 

3.36 

0.0100 

1.30 X 10-® 


520-3600 

8,9 

Mifrift nyidfl, NO 

30.008 

8.05 

0.00013 


507,000 

490-9000 

2 

Nit,rngAn, Nj . 

28.016 

6.45 

0.00080 

0.025 X 10-» 


500-2800 

I 

Owygpn, O, . 

32.000 

6.10 

0.0018 

0.314 X 10-» 


500-3000 

1 

PrnpjWA CjTT^ 

44.095 

4.16 

0.0240 



490-1200 

5 

Propylene n,Tl, 

42.079 

4.00 

0.0207 



490-1200 

5 

n.Pprit.^Tip f!jTTi« 

72.147 

5.16 

0.0382 



490-1200 

5 

Steam, HoO . 

18.016 

6.95 

0.00180 

0.100 X 10"» 


500-3500 

9,8 

Sulphur dioxide, SO 2 . 

64.06 

11.4 

0.000786 

1 


640,000 

520-3500 

3 


1. Spencer and Justice, J. Am. Chem. Soc., 56, 2311 (1934); cf. Spencer, J. Am. Chem. Soc., 67, 
1859 (1945). 

2. Kelley, U.S. Bur. Mines Bull 371 (1934). 

3. Kelley, U.S. Bur. Mines Bull. 406 (1937). 

4. Kelley, U.S. Bur. Mines Bull. 407 (1937). 

5. Thacker, Folkins, and Miller, Ind. Eng. Chem., 33, 584 (1941). 

6. Wenner, “Thermochemical Calculations,” McGraw-Hill Book Company, Inc., New York 
1941. 

7. Edmister, Ind. Eng. Chem., 30, 352 (1940). 

8. Bryant, Ind. Eng. Chem., 25, 820 (1933). 

9. Privately derived. 
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Equation (E-8) is purely empirical but is sufficiently accurate for 
many purposes provided the correction for pressure is under 2.5 
Btu/(lb mole)(°F). Equation (E-8a) is based on the Berthelot equa¬ 
tion of state and may be used with a modest degree of accuracy pro¬ 
vided the pressure correction is no more than 1 or 2 Btu/(lb mole)(°F). 

The principal use of specific heats is for computing the heat change 
accompanying the heating or cooling of gases by the following relation: 

Q = MI = f*C,dT 

= a(T, - TO +1 (?1 - 71) - | (71 - 71) - d Q- - £} (E-9) 

where A II = increase in heat content of gas, Btu/lb or Btu/lb mole, 
etc. 

Q = heat absorbed (at constant pressure) 

T i = initial temperature, °R 
T 2 = final temperature, °R 
C p = specific heat Btu/lb or Btu/lb mole, etc. 
a, b, c, d = empirical constants, Eq. (E-7) (see Table E-3) 

Often it is more convenient to compute the heat change from tabula¬ 
tions of heat contents usually referred to as sensible heats. Figures 
E-10 to E-12 (pp. 107, 108) give sensible heats of six gases; Fig. E-13 
(p. 109) gives the sensible heats of the hydrocarbon gases. These 
charts are based on atmospheric pressure. 

Heat contents (like specific heats) are dependent on pressure as 
well as temperature. Figure E-14 (p. 110) permits an approximate 
computation of the heat content under pressure from the low pressure 
values. 



0.32 



0 5 0 0 1000 15 0 0 2 0 0 0 2500 3000 3500 4000 


Temperature, Deg.F 

Fig. E-6.—The effect of temperature on C p of air at various pressures. ( ELlenwood, 
Kulik, and Gay, “ The Specific Heats of Certain Gases over wide Ranges of Pressures and 
TemperaturesCornell Univ. Eng . Exp. Sta. Bull. 30, 1942.) 



Fig. E-7.—The effect of temperature on C p of hydrogen at various pressures. 
( Ellenwood , Kulik , and Gay, “ The Specific Heats of Certain Gases over wide Ranges of 
Pressures and TemperaturesCornell Univ. Eng. Exp. Sta. Bull. 30, 1942.) 
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Temperature,, Deg. F 

Fig. E-8.—The effect of temperature on C p of carbon dioxide at various pressures. 
( Ellenwood, Kulik, and Gay, “ The Specific Heats of Certain Gases over wide Ranges of 
Pressures and Temperatures,” Cornell Univ. Eng. Exp. Sta. Bull. 30, 1942.) 



Temperature, Deg.F. 


Fig. E-9. — The effect of temperature on C p of methane at various pressures. ( Ellen- 
wood, Kulik, and Gay, “ The Specific Heats of Certain Gases over wide Ranges of Pressures 
and Temperatures ” Cornell Univ. Eng. Exp. Sta. Bull. 30, 1942.) 
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Temperature, Deg.E 

Fig. E-10.—Sensible heats above 60° F. Common gases at one atmosphere, low range. 
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ao's/rrra 3 i<t> su3 s 


y'D's/ni-g 



600 600 1000 1200 1400 1600 1800 2000 1800 2000 2200 2400 2600 2800 3000 3200 

Temperature, Deg.F. Temperature,Oeg.F. 

Fig. E-ll.— Sensible heats above 60°F. Common gases at one Fig. E-12—Sensible heats above 60°F. Common gases at one 
atmosphere, middle range. atmosphere, high range. 
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Temperature, Deg.F. 

Fia. E-13.—Sensible heats above 60°F. Hydrocarbon gases at one atmosphere. 


b. Specific Heats of Inorganic Solids and Liquids. —Table E-5 
gives empirical equations for the specific heats of inorganic solids and 
liquids. As already discussed under gases, these equations may be 
integrated to obtain the heat effects. 

Q = AH = a(T t - T t ) + \ {T\ -TQ-d(A- -r) (E- 0 «) 
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Note: To compute heat content under pressure subtract AH* from heat content at 
low pressure. 

Fig. E-14.—Enthalpy-pressure relationship for gases and vapors. (Watson and Smith, 
“National Petroleum News," Technical Section, July, 1936.) 

Within the usual range of pressures, the specific heats and heat 
contents of solids and liquids are relatively constant, hence no cor¬ 
rection need ordinarily be made for pressure effects. 

Table E-4 gives sensible heats for a few inorganic solids. 

Tajble E-4. —Sensible Heats above 60°F. Inorganic Solids 
[Based on data of Kelley, U.S. Bur. Mines Bull. 371 (1934)] 

Units, Btu/lb 


Temperature, °F 



100 

150 

200 

250 

300 

400 

500 

600 

700 

800 

1000 

1200 

1500 

Aluminum, A1. 

8 

18 

30 

42 

52 

75 

98 

122 

148 

178 

236 

286 


Cadmium, Cd. 

2 

5 

8 

10.5 

13.5 

19 

25 

31 

61* 

68* 




Calcium oxide, CaO. . 

7 

15 

25 

35 

46 

66 

87 

110 

123 

158 

208 

268 


Copper, Cu. 

3.5 

8 

13 

18 

23 

32 

41 

51 

61 

72 

95 

116 

150 

Carborundum, SiC. . . 

7 

16 

26 

36 

46 

67 

89 

114 

139 

167 

220 

278 

365 

Corundum, A1 2 0 3 . 

8 

17 

27 

38 

48 

72 

96 

121 

147 

178 

234 

292 

382 

Graphite, C. 

8 

18 

29 

40 

52 

79 

107 

138 

171 

215 

283 

370 

506 

Iron, Fe. 

4 

10 

16 

21 

27 

39 

51 

65 

80 

97 

130 

168 

224f 

Lead, Pb. 

1 

2.5 

4 

5.5 

7 

10 

13 

16 

30* 

33* 




Magnesium, Mg. 

10 

22 

34 

47 

60 

86 

112 

141 

169 

200 

264 

322 


Salt, NaCl. 

8 

18 

29 

40 

51 

72 

94 

116 

138 

164 

216 



Fused silica, Si0 2 . 

7 

16 

26 

36 

46 

67 

89 

114 

139 

167 

219 

278 

365 

Zinc, Zn. 

4 

8 

13 

18 

23 

33 

43 

53 

64 

75 





* Fused, 
t /3-iron. 
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Table E-5. —Specific Heats of Inorganic Solids and Liquids Including 
Molecular Weights and Latent Heats of Phase Changes 
[Based on data of Kelley, U.S. Bur. Mines Bull. 371 (1934)] 

Op = a + bT - A Btu/(lb)(°F) 


where a, b, d = constants given in this table 
T = absolute temperature, °R 


Substance* 

Molec¬ 

ular 

weight 

a 

b 

d 

% 

errorf 

Absolute 
temp, 
range, °R 

Enthalpy increase 
with phase change, 
Btu/lb 

Aluminum: 








Al(s). 

26.97 

0.172 

0.000066 


1 

490-1677 

170 (fusion) 

A1 (1) . 

26.97 

0.260 




1677-3550 

Al 2 O a (s). 

101.94 

0.2166 

0.0000489 

16,600 

3 

490-2300 


AlCl 8 (s). 

133.25 

0.0993 

0.000117 


3 

490-838 


Mullite (AlsSisOis)... 

425.94 

0.140 

0.000874 


5 

490-1040 


Antimony: 








Sb(s). 

121.76 

0.0452 

0.0000081 


2 

490-1626 

70.5 (fusion) 

Sb(Z). 

121.76 

0.059 




1626-2300 

Arsenic: 









74.91 

0.0690 

0.0000174 



490-2100 



197.82 

0.042 

0.000136 



490-990 



233 42 

0.09215 

0.0000336 


5 

490-2380 


Beryllium, Be(s). 

9.02 

0.5208 

0.000958 

43,500 

1 

490-2100 



209 00 

0.0257 

0.0000069 


3 

490-979 



69.64 

0.0738 

0.000255 



490-923 


Cadmium: 








Cd(s) . 

112 41 

0.0486 

0.000012 


1 

490-1069 

23.4 (fusion) 

Cd(Z) . 

112.41 

0.0634 




1069-1750 

Calcium: 








CaO(s). 

56.08 

0.1783 

0.000048 

6,200 

2 

490-2100 


CaC0 8 (s). 

100.09 

0.1966 

0.000066 

10,000 

3 

490-1860 


CaSC>4(s). 

136.14 

0.1360 

0.0000897 

3,730 

5 

490-2470 


CaCh(s). 

110.99 

0.152 

0.000019 



490-1900 


Ca(OH) 2 (s) 

74.10 

0.289 




500-670 


Carbon, C (graphite)... 

12.01 

0.226 

0.0001211 

31,500 

2 

490-2470 


Chromium: 








Cr(«) . 

52.01 

0.093 

0.0000315 


5 

490-3281 

136 (fusion) 

Cr(Z) . 

52.01 

0.19 



10 

3281-3460 


Cobalt: 








Co(s) . 

58.94 

0.0869 

0.0000314 


5 

490-3173 

112 (fusion) 

Copper: 







Cu(s). 

63.57 

0.0856 

0.0000128 


1 

490-2443 

88 (fusion) 

Cu(Z). 

63.57 

0.118 



3 

2443-2830 


CuO(a). 

79.57 

0.1366 

0.000025 

6,130 

2 

490-1460 


CuSOjfs). 

159.63 

0.151 




508 


CuS045H 2 0(«) 

249.71 

0.269 




508 


Gold, Au(8). 

197.2 

0.00284 

0.00000405 


2 

490-2460 

27.6 (fusion) 

Hydrogen, HsO(Z). 

18.016 

1.001 



0.5 

492-312 

970 (vaporiza 








tion) 

Iron: 








Fe(a). 

55.84 

0.0740 

0.0000634 


3 

490-1874 

11.0 (a-0 transi¬ 








tion) 

Fe(0). 

55.84 

0.1096 

0.0000334 


3 

1874-2122 

11.6 (0-y transi¬ 








tion) 


* (8) denotes solid state, (l) liquid, (a), (0), etc., denote different crystalline forms, 
t If no percentage of error given, values are estimated or are of uncertain accuracy. 
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Table E-o.—Specific Heats of Inorganic Solids and Liquids Including 
Molecular Weights and Latent Heats of Phase Changes ( Continued ) 


Substance* 

Molec¬ 

ular 

weight 

a 

b 

d 

% 

errorf 

Iron—(Cont.) 






Fe(7). 

55.84 * 

3.150 



5 

Fe(fi) . 

55.84 1 

0.18 



5 

FeaOi(s). 

159.68 1 

0.1550 

0.0000558 

8,600 

2 j 

FeaCLOO.'231.52 

0.1778 

0.0000452 

13.700! 

2 

FeSaU).! 119.96 

0.089 

0.000062 !. 


FeSfhf*) 

151.90 

0.145 



FpSfL7Hof>^ ! 

278 01 

0.35 

i 


Lead: j 



1 


PhG.1 

•207 *21 

0 0278 

0.0000054 


2 

PWM _1207.21 i 

0.033 




PbO(s) .' 

223.21 

0.0463 

0.0000079 


2 

PbCJlj(jj) 

278 12 

0 0571 

0 0000161 


2 

PbOa(s). 1 

239.21 

0.053 

0.000018 



Magnesium: : 






Mg(s).! 

24.32 

0.255 

0.0000304 

9,030 

1 

Mg(0.| 

24.32 

0.30 



10 

MgO(s). 

40.32 

0.2693 

0.0000165 

16,800 

2 

MgCla(s). 

95.23 

0.182 

0.000023 



MgCL 2 6HaO(s). 

203 33 

0.38 




Mg(OHMs). 

i 58.34 

0.48 




MgSOi(.*) 

120 38 

0.222 




Manganese: 






Mn(a). 

54.93 

0.0685 

0.0000755 


5 

Mn(0) . 

54.93 

0.0921 

0.0000400 


5 

Mn(v). 

54.93 

0.087 

0.00427 


5 

Mn(0. 

54.93 

0.20 


10 


150 99 

0.182 

! 



200.61 

0.0329 



1 

Nickel: 






Ni(a) . 

58.69 

0.0726 

0 0000605 


2 

Ni(0). 

58.69 

0,119 

0.000086 


5 

Ni(i). 

58.69 

0.146 



10 

NiS04(») . 

154.74 

0.216 




Nitrogen: 






NH4Cl(a) . 

53.50 

0.183 

0.00038 


5 

NH 4 C 109 ). 

53.50 

0.093 

0.00035 


5 

NH«Br(s) . 

97.96 

0.232 




NHJ(«). 

144.96 

0.123 




NHiNO*(s). 

85.05 

0.37 




. 

.W 


V. 

A . 

A .... 


Phosphorous; 

P(yellow) 

P(D . 

P4Ol0(«). 

Platinum, Pt(s). 


Absolute 
temp, 
range, °R 


Enthalpy increase 
with phase change. 
Btu/lb 


30.98 

0.177 


\ 

30.98 

0.21 

. 


284.08 

0.0554 

0.000212 


195.33 

0.0303 

0.0000033 



2122-3013 

|3013-3245 
490-1970 
490-1920 
490-1390 
527-670 
524-574 

490-10811 
1081-22901 
490-980 
490-1388| 

490 

490-1661 
1661-1890 
490-3730 
490-1780 
526-616 
520-575 
530-670 

49 O-I 994 I 2.2 (a-0 transi¬ 

tion) 

1994-237Ij 3.9 (fi-y transi- 


6.4 (y-S transi¬ 
tion) 

113 (fusion) 


10.6 (fusion) 

36.5 (fusion) 


i (fusion) 


I 

2371-2687] 
2687 3000| 
527-670 
490-1134i 

490-1127] 

11127-31051 

3105-34301 

527-670 

490-824 

824-941 

490-590 

490-590 

490-527 

495-950 


tion) 

113 (fusion) 


2.8 ( a-(J transi¬ 
tion) 

129 (fusion) 


32 (a-0 

tion) 


transi- 


490-571 

571-672 

490-1136 

490-337ol 


8.5 (fusion) 

112 (sublimation) 


♦ (*) denotes solid state, ( l ) liquid, (a), (0), etc., denote different crystalline forms, 
t If no percentage of error given, values are estimated or are of uncertain accuracy. 
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Table E-5.—Specific Heats of Inorganic Solids and Liquids Including 
Molecular Weights and Latent Heats of Phase Change j ( Concluded) 


Substance* 

Molec¬ 

ular 

weight 

a 

b 

d 

i 

I 

% ! 
errorf 

Absolute 
temp, 
range, °R 

Enthalpy increase 
with phase change, 
Btr/lb 

Potassium: 



l 

l 

I 





KF(»). 

58.10 

0.186 

0.000027 



490-2030 


KC1(«). 

74.55 

0.1466 

0 000028 


2 

490-1877 

154 (fusion) 

KBr(s). 

119.01 

0.0965 

0 0000168 


2 

490-977 

KI(s).. 

166.02 

0.073 

0.0000065 



490-1720 


KNOi(a). 

101.10 

0.064 

0.0003 


10 

490-722 









tion) 

KNOi(jS) . 

101.10 

0.285 



5 

722-1010 

51 (fusion) 

KNOj(Z). 

101 10 

0.292 



10 

1010-1150 

KiCO*(«) 

138.20 

0 216 




530-670 


KiSOiFs) . 

174 25 

0.190 




520-670 


Silicon: 








Glass (Si02). 

60.06 

0.213 

0.0000413 

16,300 

3 H 

490-3550 


Quartz (a) (SiO?) .... 

60.06 

0.1810 

0.0000806 

13,000 

1 

490-1526 


Silver: 









107 88 

0 0519 

0.0000077 


1 

490-2221 

45 (fusion) 

Ag(Z) 

107 88 

0.076 



3 

2221-2830 

AgCl(s) . 

143 34 

0.067 

0.000036 


2 

490-1310 

40 (fusion) 

AgNOi(a).. . . 

169 89 

0.1108 

0 0000524 


2 

490-779 


Sodium: 








Na(s) . 

23.00 

0.218 

0.000130 


1H 

490-668 

49 (fusion) 

Na(I). 

23.00 

0.326 



2 

668-810 


NaF(s). 

42.00 

0.248 

0.000038 



490-2270 


NaCl(a). 

58 45 

0.185 

0.000040 


2 

490-1831 

222 (fusion) 

NaCl(Z).. 

58 45 

0.272 



3 

1831-2170 


Nal(s). 

149.92 

0.083 

0.000006 



490-1680 


NaClOi(s) . 

106.45 

0.089 

0.000244 


3 

490-950 

90 (fusion) 

NaNO»(s) .... 

85.01 

0.0536 

0.00038 


5 

490-1049 

80 (fusion) 

NaNOi(i) . 

85.01 

0.438 



10 

1049-1265 


NfuSOi(s). 

142.05 

0.232 




520-670 


Sulphur: 







S (rhombic). 

32.06 

0.113 

0.000111 


3 

490-663 

4.8 (transition: 








rhombic to mon¬ 








oclinic) 

S(mono<*linifi). 

32.06 

0.137 

0.000076 


3 

663-706 

16 6 (fusion) 

Tin: 








Sn(s) . 

118.70 

0.0426 

0.0000235 


2 

490-974 

26 (fusion) 

Sn(l) . . . 

118.70 

0.056 



10 

974-2290 


Titanium: 







TiOj(«). 

79.90 

0.148 

0.0000525 

1,700 

3 

490-1280 


Zinc: 








Zn(«). 

65.38 

0.0804 

0.000023 


1 

490-1247 

44 (fusion) 

Zn(Z). 

65.38 

0.116 

0.0000047 


3 

1247-2020 


ZnO(a). 

81.38 

0.140 

0.0000099 

7,260 

1 

490-2830 


ZnS04(«) 

161.44 

0.173 




525-670 









* dsastaa ^ Vv^Ad. , (6), etc.., denote different crystalline forms, 

t If no percentage of error given, values site estimated or are ol wneerVavn afce\uac.y. 
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SPECIFIC HEAT * P.C.U./0-B.) (DEG.C) a B.T.U./(L&)(DEG.E) 


TEMPER¬ 

ATURE. 

DEG.C. 

200-3 


150 -3 


100-1 


50 -| 


o-l 


-50-J 


-100—^ 


NO. 

LIQUID 

RANGE DE6.C 

29 

32 

5? 

ACETIC ACID 100% 
ACETONE 

0- 80 
20- 50 
- 70- 50 

AMMONIA 

37 

AMYL ALCOHOL 

- 50- 25 


AMYL ACETATE 

0-100 

30 

ANILINE 

0- 130 

?3 

BENZENE 

10- 80 

77 

BENZYL ALCOHOL 

-20- 30 

i? 

BENZYL CHLORIDE 
BRINE,257oCaCl 2 
BRINE,257o Na C\ 

- 30- 30 
-40- 20 

51 

-40- 20 

44 

BUTYL ALCOHOL _ 

0- 100 

7 

CARBON DISULFIDE ^ 

-100- 25 

3 

CARBON TETRACHLORIDE 

10- 60 

8 

CHLOROBENZENE 

o- iao 

4 

CHLOROFORM 

0- 50 

21 

DECANE 

-80- 25 

6A 

DiCHLOROETHANE 

-30- 60 

5 

DICHLOROMETHANE 

-40- 50 

15 

DIPHENYL 

80- 120 

22 

DIPHENYLMETHANE 

30- 100 

16 

DIPHENYL OXIDE 

. 0-200 

16 

DOWTHERM A 

- 0-200 

a 

ETHYL ACETATE 

-50- 25 

ETHYL ALCOHOL 100% 

30?. 80 

46 

ETHYL ALCOHOL 95% 

20- 80 

50 

ETHYL ALCOHOL 50% 

20- 80 

2 ? 

ETHYL BENZENE 

0- 100 

ETHYL BROMIDE 

5- 25 

13 

ETHYL CHLORIDE 

-30- 40 

36 

ETHYL ETHER 

-100- 25 

7 

ETHYL IODIDE 

0- 100 

39 

ETHYLENE GLYCOL 

-40-200 


SPECIFIC 

HEAT 


I 

2A 2< 


3 O 
O 03A 
AO 04A 


6 0 

y 

08 


5o F 


b-03 


9 o °IO 


»o dt oi3A 

„ 

22o oJ7 I? 024 


250 


42 4I 8 O 5 


28 0 

37 38 
O CO' 


23 

7ft 025 

32qg,3 5 

33 O 


36 


O 

40 


_LIQJJLD_ 


FREON-IICCCUF)" 
freon-i? (cci 2 f 2 V 

FrIoN-22 ( (C®F 2 ) 

HEPTANE 
HEXANE 

HYDROCHLORIC 400,30% 
ISOAMYL ALCOHOL 
43 ISOBUTYL ALCOHOL 
47 ISOPROPYL ALCOHOL 
‘ ISOPROPYL ETHER 
methyl ALCOHOL 
METHYL CHLORIDE 
NAPHTHALENE 
NITROBENZENE 
NONANE 
OCTANE 

PERCHLORETHYLENE 
PROPYL ALCOHOL 
PYRIDINE 

SULFURIC ACID 98% 
SULFUR DIOXIDE 
TOLUENE 
WATER 

XYLENE ORTHO 
XYLENE META 
XYLENE PARA 


-18: s 

-20- 70 
-40- 20 
0- 60 
-80- 20 
20 - 100 
10- 100 
, 0 - 100 
-20- 50 
-80- 20 


90- 200 
0 - 100 
, 50- 25 
'-50- 25 
30- 140 
■ 20 - 100 
-50- 25 
10- 45 
20 - 100 
0- 60 

'8-188 
o- 100 
o- 100 


52 

o 


530 F 


-Q4 


E-Q6 


t-w 


Fig. E-15.—Specific heats of liquids. ( Chilton, Colburn, and Vernon , in Perry, “ Chem¬ 
ical Engineers' Handbook2d ed., McGraw-Hill Book Company, Inc,, New York, 1941.) 


c. Specific Heats of Organic Liquids. —Figure E-15 gives the 
specific heats of a number of organic liquids. Table E-6 gives approxi¬ 
mate specific heats of petroleum products. Table E-7 gives approxi¬ 
mate heat contents of petroleum oils. 
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Table E-6.—Specific Heat of Petroleum Oils of Various Gravities in 
Btu/(lb)(°F) or Cal/(g)(°C) 

[Reprinted from Nat. Bur. Standards Misc. Pub. 97 (1933)] 
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Table E-7.—Heat Content of Petroleum Liquids of Various Gravities in 
Btu/gal* above 32°F 
[Nat. Bur. Standards Misc. Pub. 97 (1933)] 



Degrees A.P.I. at 60°F 

Temp., °F 

10 

20 

30 

40 

50 

> 

60 

70 

80 












Specific gravity at 60°/60°F 




1.000 

1 

0.9340 

0.8762 

0.8251 

0.7796 

0.7389 

0.7022 

0.6690 

0 

-105 

1 -102 

-99 

-96 

-93 

-91 

-88 

-86 

10 

-73 

-70 

-68 

-66 

-64 

-63 

-61 

-60 

20 

-40 

-39 

-37 

-36 

-35 

-34 

-34 

-33 

40 

+27 

+26 

+25 

+24 

+24 

+23 

+23 

+22 

50 

61 

59 

57 

55 

54 

52 

51 

50 

60 

95 

92 

89 

86 

84 

82 

80 

78 

70 

130 

126 

122 

118 

115 

112 

109 

106 

80 

165 

160 

155 

150 

146 

142 

138 

135 

90 

201 

194 

188 

182 

177 

173 

168 

164 

100 

237 

229 

222 

215 

209 

204 

198 

194 

110 

273 

264 

256 

248 

241 

235 

229 

223 

120 

310 

300 

290 

281 

273 

267 

260 

253 

130 

347 

335 

325 

315 

306 

299 

291 

284 

140 

384 

371 

360 

349 

339 

331 

322 

314 

150 

422 

408 

395 

383 

372 

363 

354 

345 

160 

460 

445 

431 

418 

406 

396 

386 

376 

170 

499 

482 

467 

453 

440 

429 

418 

408 

180 

538 

520 

503 

488 

475 

462 

451 

440 

190 

577 

558 

! 540 

524 

509 

496 

484 

472 

200 

617 

596 

577 

560 

544 

530 

517 

504 

210 

657 

635 

615 

596 

580 

564 

550 

537 

220 

697 

674 

652 

633 

615 

599 

584 

570 

230 

738 

713 

691 

670 

651 

634 

618 

603 

240 

779 

753 

729 

707 

688 

669 

653 

637 

250 

820 

793 

768 

745 

724 

705 

688 

671 

260 

862 

833 

807 

783 

761 

741 

723 

705 

270 

904 

874 

847 

822 

799 

778 

758 

740 

280 

947 

915 

887 

861 

836 

814 

794 

775 

290 

990 

957 

927 

900 

874 

851 

830 

810 

300 

1034 

999 

968 

939 

913 

889 

866 

846 

310 

1078 

1041 

1009 

979 

952 

926 

903 

881 

320 

1122 

1084 

1050 

1019 

991 

964 

940 

917 

330 

1166 

1127 

1092 

1059 

1030 

1002 

977 

954 

340 

1211 

1170 

1134 

1100 

1070 

1041 

1015 

981 

350 

1256 

1214 

1176 

1141 

1110 

1080 

1053 

1028 

360 

1302 

1258 

1219 

1183 

1150 

1119 

1091 

1065 

370 

1348 

1303 

1262 

1225 

1190 

1159 

1130 

1103 

380 

1395 

1348 

1306 

1267 

1231 

1199 

1169 

1141 

390 

1441 

1393 

1349 

1309 

1273 

1239 

1208 

1179 


* The unit used here is 1 gal of oil at 60°F. 




THERMODYNAMIC DATA 


117 


Table E-7.—Heat Content of Petroleum Liquids of Various Gravities in 
Btu/gal* above 32°F ( Continued ) 




Degrees A.P.I. at 60°F 


10 

20 

30 40 

50 

60 70 | 80 

Temp. °F 







Specific gravity at 60°/60°F 


1.000 

0.9340 

0.8762 0.8251 

0.7796 

0.7389 0.7022 j 0.6690 

400 

1489 

1439 

1393 1352 

1314 

1280 i 1247 1217 

410 

1536 

1485 

1438 1395 


420 

1584 

1531 

1483 1439 


1 

430 

1632 

1578 

1528 1483 



440 

1681 

1625 

1573 1527 



450 

1730 

1672 

1619 1571 


j 

460 

1779 

1720 

1666 1616 



470 

1829 

1768 

1712 1661 



480 

1879 

1816 

1759 1707 



490 

1930 

1865 

1806 1753 



500 

1981 

1914 

1854 1799 



510 

2032 

1964 

1902 1846 



520 

2084 

2014 

1950 1893 


j 

530 

2136 

2064 

1999 1940 


i 

540 

2188 

2115 

2048 1988 


j 1 

550 

2241 

2166 

2097 2036 



560 

2294 

2217 

2147 2084 


! ; 

570 

2348 

2269 

2197 2133 


j ! 

580 

2402 

2321 

2248 2182 



590 

2456 

2373 

2299 2231 



600 

2511 

i 

2426 

2350 2281 



610 

2566 

2479 

2402 2331 



620 

2621 

2533 

2454 2381 



630 

2677 

2587 

2506 2432 



640 

2733 

2641 

2558 2483 


■ 

650 

[ 2789 

2696 

2611 2534 


i ; 

660 

2846 

2751 

2665 2586 


| 

670 

2903 

2806 

2718 2638 


S' '| ' f ‘ 

680 

2961 

2862 

2772 2690 


■ : 

690 

3019 

2918 

2826 2743 


; i 

700 

3078 

2974 

2881 2796 



710 

3137 

3031 

2936 2849 


1 

720 

3196 

3088 

2991 2903 



730 

3255 

3146 

3047 2957 


i 

740 

3315 

3204 

3103 3011 



750 

3376 

3262 

3159 3066 



760 

3436 

3321 

3216 3121 



770 

3497 

3380 

3273 3177 


i 

780 

3559 

3440 

3331 3232 j 

! 


790 

3621 

3499 

3389 3289 i 


j 

800 

3683 

3559 

3447 3345 j 

i 


* The uuit used here is 1 gal of oil at 60°F. 
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d. Specific Heats of Solutions. —Table E-10 gives data on specific 
heats of water solutions of a few inorganic compounds. Tables E-8 
and E-9 give specific heats of aqueous methyl and ethyl alcohol, 
respectively. 


Table E-8.— Specific Heat of Methyl Alcohol—Water Mixtures 
Btu/(lb)(°F) 

(Based on data from “International Critical Tables”) 


Weight % 
alcohol 

40 °F 

60°F 

80 °F 

100°F 

0 

1 005 

1.000 

0.999 

0.999 

10 

1.025 

1.005 

1.00 

0.995 

20 

0.97 

0.98 

0.98 

0.98 

30 

0.92 

0.945 

0.95 

0.95 

40 

0.87 

0.91 

0.915 

0.92 

50 

0.82 

0.855 

0.87 

0.975 

60 

0.77 

0.805 

0.82 

0.83 

70 

0.72 

0.75 

0.77 

0.78 

80 

0.67 

0.70 

0.715 

0.725 

90 

0.62 

0.645 

0.665 

0.675 

100 

0.57 

0.595 

0.615 

0.625 


Table E-9.—Specific Heat of Ethyl Alcohol—Water Mixtures, 

Btu/(lb)(°F) 

(Based on data from “International Critical Tables”) 


Weight % 
alcohol 

40°F 

60°F 

80°F 

100°F 

0 

1.005 

1.000 

0.999 

0.999 

10 

1.04 

1.02 

1.02 

1.02 

20 

1.04 

1.04 

1 04 

1.04 

30 

1.00 

1.01 

1.01 

1.01 

40 

0.94 

0.96 

0.97 

0.97 

50 

0.87 

0.90 

0.92 

0.93 

60 

0.81 

0.84 

0.86 

0.87 

70 

0.74 

0.77 

0.80 

0.81 

80 

0.62 

0.71 

0.73 

0.74 

90 

0.61 

0.64 

0.66 

0.68 

100 

0.54 

0.56 

0.58 

0.62 
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Table E-10.—Specific Heats of Some Water Solutions 
(Data given in equation form based on data from “International Critical Tables”) 
P denotes weight %; T, absolute temperature, °E 


Solution of 

Specific heat, 
Btu/(lb)(°F) 

Range 

Accu¬ 

racy, 

% 

Hydrochloric acid, HC1. 

C p = 1 - 35 VP/T 

40-140°F, 16-42% 

4 

Salt, NaCl. 

C p = 1 — 0.008 P 

40-140°F, 0-25% 

2 

Ammonia, NH 3 . 

C p = 1.0 

40-140°F, 0-40% 

6 

Sodium hydroxide, NaOH.... 

C p = 1 — 0.032 V? 

68° F, 0-57% 

2 

Potassium hydroxide, KOH.. 

Cp = 1 - 0.0115P 

66°F, 0-24% 

2 

Potassium chloride, KC1. 

Cp = 1 - 0.0113P 

40-110°F, 0-31% 

2 


e. Specific Heats of Miscellaneous Materials. 

Table E-ll.—S pecific Heats of Miscellaneous Materials 
(Abstracted from Perry, “Chemical Engineers* Handbook/* 2d ed., McGraw-Hill 
Book Company, Inc., New York, 1941) 

Material Specific Heat, Btu/(lb)(°F) 


Alumina. 

0.2(210°F); 0.274(2700°F) 

Asbestos. 

0.25 

Asphalt. 

0.22 

Bakelite. 

0.3-0.4 

Cellulose. 

0.32 

Cement, portland clinker. 

0.186 

Charcoal (wood). 

0.242 

Chrome brick. 

0.17 

Clay. 

0.224 

Coal. 

0.26-0.37 

Coal tars. 

0.35(100°F); 0.45(390°F) 

Coke. 

0.265(70-750°F) 

0.36(70 -1500°F) 

0.40(70-2400°F) 

Concrete. 

. 0.156(70-312°F); 0.219(72 -1472°F) 

Fire-clay brick. 

. 0.198(210°F); 0.298(2700°F) 

Glass wool. 

. 0.16 

Granite. 

. 0.20(70-210°F) 

Limestone. 

. 0.22 

Magnesite brick. 

. 0.222(210°F); 0.195(2700°F) 

Sand. 

. 0.191 

Steel. 

. 0.12 

Wood (oak). 

. 0.57 

Most woods. 

. 0.45-0.65 


3. Vapor Pressure 

a. Vapor-pressure Charts. —Vapor pressures for a number of sub¬ 
stances are summarized in Figs. E-16 to E-18. These charts, though 
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Fio. E-16.—Vapor pressures of inorganic compounds. 
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Fig. E-17.—Vapor pressures of organic compounds. 



Vapor Pressure, Lb./Sq.ln.,Absolute 



Temperature, Deg 
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Note* All hydrocarbons are straight 
chain unless otherwise noted 


oC 10 Hg(naphthalene) 
°C I0 H 2 2 

CgHgCstyrene) o oC9Hzo 
oC 8 H, 6 

°C6 H5 CHsftoluene) 
°C 7 H 16 

oCeHe (benzene) 
oC 6 Hi4 

0C5H12 

^.C 4 H 10 

C4H6(butadiene) 

°*~iC 4 H,o 


o C 3H8 

°c 3 h 6 

C 2 H 2 O oC 2 H 6 

0C 2 H 4 

Fig. E-18. —Vapor pressures of hydrocarbons. 



Vapor Pressure, J_b. /Sq.ln. ; Absolute 
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in nomograph form, are based on the familiar Cox 1 chart, using water 
as the reference liquid. The accuracy is about the same as the Cox 
relation in the conventional line plot. The basic data aie taken from 
numerous sources. 2 

It will be noted at once that the vapor pressures may be extrap¬ 
olated by these charts to above critical temperatures. Such values 
are, of course, fictitious and entirely devoid of physical reality except 
to permit a doubtful application of Raoult’s law to solution of gases 
above the critical temperature. 

The reader may readily add points for vapor pressures of other 
compounds to the charts, provided vapor pressures at two or more 
temperatures are available. To do this, draw lines each connecting 
an observed vapor pressure at the corresponding temperature. The 
intersection of these lines is the point representing the vapor pressure 
of the substance. Although valid for most pure liquids, the chart is 
not necessarily applicable to all liquid mixtures or to solids; further, it 
is not applicable to a very few substances like hydrogen fluoride and 
nitrogen dioxide which exhibit varying degrees of polymerization at 
different temperatures and pressures. 

b. Other Correlations for Vapor Pressures.—The Clausius- 
Clapeyron equation in its integrated form is the most widely used 
method of correlating vapor pressures. This Eq. (E-10) assumes (1) 
that the latent heat of vaporization is constant, (2) that the vapor 
obeys the perfect gas law, and (3) that the volume of the liquid is 
much smaller than that of its vapor. These assumptions are all 
approximations. 

1 Ind. Eng. Chern ., 15, 592 (1923). 

2 Lange, “ Handbook of Chemistry,” Handbook Publishers, Sandusky, Ohio, 
1939. 

Hodgman, “ Handbook of Chemistry and Physics,” Chemical Rubber Publish¬ 
ing Co., Cleveland, Ohio, 1940. 

Perry, “Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Com¬ 
pany, Inc., New York, 1941. 

Laverty and Edmister, Oil Gas J., 1938. 

Matteson and Hanna, Oil Gas J., May 21, 1942. 

Wilson, Walker, Rinelli, and Mars, Chem. Eng. News , 21, 1254 (1943). 

Stearns and George, Ind. Eng. Chem., 36, 602 (1943). 

Garner, Adams, and Stuchell, Petroleum Refiner, October, 1942. 

Gillespie and Fraser, J. Am. Chem. Soc., 58, 2260 (1936). 

Sage and Lacey, Ind. Eng. Chem., 34, 730 (1942). 

Kay, Ind. Eng. Chem., 33, 590 (1941). 

Meyers and Van Dusen, Nat. Bur. Standards J. Research , 10, 381 (1933). 

Nat. Bur. Standards Circ. 142 (1923). 

Keenan and Keyes, “Thermodynamic Properties of Steam,” John Wiley & 
Sons, Inc., New York, 1936. 
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log V = j + B (E-10) 

where p = vapor pressure, any convenient units 
T = absolute temperature, °R or °K 
A, B = empirical constants whose values depend on units of T and p 
Values of A and B for a variety of substances are given in most hand¬ 
books and permit computation of vapor pressures with moderate 
accuracy, provided the pressure is not too high. An alternate form of 
this equation is 

log Pi = 2.303/e ( TJ\ ) + log P2 ( E_11 ) 

where pi — vapor pressure at T 1} any units such as psi 
p 2 = vapor pressure at T 2 , same units as p 1 
T i, T 2 = absolute temperatures, °R or °K 

AH = heat of vaporization, any units desired such as Btu/lb 
mole (value of AH is approximately that at the mean 
temperature) 

R = gas-law constant, units same as AH/T , such as Btu/(lb 
mole)(°R) (see Table E-l) 

This may be used for computing vapor pressure at one temperature 
from a known vapor pressure (such as the boiling point) and the heat 
of vaporization. 

c. Vapor Pressure of Solutions.— Figures of the type of E-16 to 
E-18 are probably very good ways of presenting vapor-pressure data 
for solutions, but their use has not been employed to any extent. 
Data on the vapor pressures for aqua ammonia are given in Tables 
L-14 and L-15. The same chapter gives additional equilibrium data 
related to vapor pressures. 

4. Latent Heats of Vaporization 

a. Heat of Vaporization Chart. —Heats of vaporization for a num¬ 
ber of substances are summarized in Fig. E-19 and the accompanying 
key Table E-12. The chart actually reads the molal entropy of 
vaporizations, but it is only necessary to multiply by the absolute 
temperature and divide by the molecular weight to secure the heat of 
vaporization, that is, 



m m 


where L = latent heat vaporization, Btu/lb 

T = absolute temperature, °R 


(E-12) 
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AS = molal entropy of vaporization, Btu/(°R)(lb mole) 

AH = molal heat of vaporization, Btu/lb mole 
m = molecular weight 

b. Estimation of Latent Heats of Vaporization. —The material 
following gives several methods for estimating latent heats. The 
choice of method depends on the type of data available and the accu¬ 
racy required. Figure E-19 may be used for estimating latent heats 
provided the latent heat is known at two temperatures by construct¬ 
ing the point on the diagram in the same method as given for the vapor- 
pressure charts. The latent heat of any substance is of course zero 
at the critical temperature, and this will establish one of the two 
required values. If the critical pressures and temperatures are 
known, the latent heat may be estimated conveniently by use of Eq. 
(E-13) due to Watson. 1 



where L = latent heat desired at temperature T (same units as L K ) 
L k = known latent heat at temperature, T K 

T , T k = absolute temperatures, °R 
T c = critical temperature, °R 

( T, T k , T c may also be in °K provided they are all in the same 
units.) 

Watson also gives an equation for estimating the latent heat at 
the boiling point; however, Eq. (E-14), proposed by Pollara, 2 is more 
convenient and only slightly less accurate. 

A H„ = 4.577 log Pc (E-14) 

where A Hb = latent heat at atmospheric boiling point, Btu/lb mole 
T c = critical temperature, °R 
Tb = atmospheric boiling point, °R 
p c = critical pressure atmospheres 

The latent heat of vaporization, at any temperature, may be 
estimated from the boiling point; the critical pressure and temperature 
by means of these Eqs. (E-13) and (E-14), or Eq. (E-15) which results 
from their combination. This equation is believed to be sufficiently 
accurate for many engineering calculations. 

1 Ind. Eng. Chem 35, 398 (1943). 

*/. Phys. Chem., 46, 1163 (1942). 
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Fia. E-19.—Heats and entropies of vaporization. 
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Table E-12. —Key for Fig. E-M). Heats of Vaporization 


Substance 

Formula 

Molec- 

u’ar 

weight 

Principal references 

Sulphur dioxide. 

SO 2 

64.06 

Perry, "Chemical Engineers’ Handbook,” 2d 
ed., 1941. 

Isobutylene. 

1 -C 4 HS 

56.10 

Garner, Adams, and Stuchcll, Petroleum 
Refiner , October, 1942. 

Normal butane. 

n-C4Hio 

58.10 

Dana, Jenkins, Burdick, and Timm, Refrig. 
Eng., 12, No. 12, 403 (1926). 

1-3, Butadiene. 

CiK* 

54.09 

Garner, Adams, and Stuchell, Petroleum 
Refiner, October, 1942. 

Ammonia. 

NH 3 

17.03 

Bur. Standards Circ. 142 (1923). 

Isobutane. 

i-C-iHio 

58.10 

Dana, Jenkins, Burdick, and Timm, Refrig. 
Eng., 12, No. 12, 403 (1926). 

Methyl chloride. 

CHaCl 

50.48 

Tanner, Banning, and Mathewson, Ind. Eng. 
Chem., 31, 878 (1939). 

Propane. 

CaHs 

44.09 

Dana, Jenkins, Burdick, and Timm, Refrig. 
Eng., 12, No. 12, 403 (1926). 

Propylene. 

CaHs 

42.08 

Private source. 

Carbon dioxide. 

CO 2 

44.01 

Am. Soc. Refrig. Eng., Circ. 9 (1926). 

Ethane. 

C 2 H 6 

30.07 

Beall, Refiner Natural Gasoline Mfr., 14, 
No. 12, 588 (1935). 

Ethylene. 

C 2 H 4 

28.05 

Private source. 

Mercury. 

Hg 

200.61 

Kelley, U.S. Bur. Mines. Bull. 383 (1935) 

Normal butyl alcohol.. . . 

C 4 H 9 OH 

74.08 

Hodgman, ‘‘Handbook of Chemistry and 
Physics,” 1940. 

Water. 

H 2 O 

18.016 

Keenan and Keyes, "Thermodynamic Prop¬ 
erties of Steam,” 1936. 

Isopropyl alcohol. 

{-C 3 H 7 OH 

60.76 

Hodgman, “Handbook of Chemistry and 
Physics,” 1940. 

Ethyl alcohol. 

C 2 H 5 OH 

46.05 

Fisk, Ginnings, and Ho.i.on, Bur. Standards, 
J. Research, 6, No. 5, 895 (1931). 

Toluene. 

C«H a CHa 

92.21 

Doss, “Physical Properties of the Principal 
Hydrocarbons,” 1940. 

Methyl alcohol. 

CHaOH 

32.03 

Hodgman, “Handbook of Chemistry and 
Physics,” 1940. 

Ethyl acetate. 

CHaCHOOCaHa 

88.06 

Hodgman, “Handbook of Chemistry and 
Physics,” 1940. 

Benzene. 

C«H 6 

78.05 

Doss, “Physical Properties of the Principal 
Hydrocarbons,” 1940. 

Carbon tetrachloride. 

CCL 

153.83 

Hodgman, “Handbook of Chemistry and 
Physics,” 1940. 

Acetone. 

CHaCOCHa 

58.05 

Hodgman, “Handbook of Chemistry and 
Physics,” 1940. 

Bromine. 

Bra 

159.83 

Hodgman, “Handbook of Chemistry and 
Physics,” 1940. 

Ethyl ether. 

(C 2 Ha) 2 0 

74.08 

Am. Soc. Refrig. Eng., Circ. 9 (1926). 

Carbon disulphide. 

CS 2 

76.12 

Hodgman, “Handbook of Chemistry and 
Physics,” 1940. 

Normal pentane. 

C5H12 

72.15 

Sage and Lacey, Ind. Eng. Chem., S4, 730 
(1942). 
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lJl - im7 (w=T,^ (&15) 

where AH = latent heat (at temperature T), Btu/lb mole 
T e = critical temperature, °R 
T b — boiling point, °R 

T = temperature at which latent heat is required, °R 
p c = critical pressure atmospheres 
The latent heat may be estimated from vapor-pressure data alone 
by the Clausius-Clapeyvon Eq. (E-ll) given under Vapor Pressure. 
Repeating this in altered form, 


AH = 


2.303 RT 1 T 2 , pi 

—Tp - m - l^g ZT 

i 1 “* 1 2 P*2 


(E-lla) 


where AH = molal heat of vaporization, Btu/lb mole 
pi = vapor pressure at T 1 , any units 
p 2 = vapor pressure at T 2 , units same as pi 
T 1 , T 2 = absolute temperature, °R 

R = 1.987, the gas-law constant in Btu/(lb mole)(°R) 

If only the boiling point of the substance is known, the latent heat 
may be estimated by the Kistiakowski 1 equation: 

AH = 8.7 5T b + 4.571T* log T B (E-16) 

where AH = molal heat of vaporization at boiling point, Btu/lb mole 
Tb = boiling point, °R 

Despite the simplicity of this relation, it is surprisingly accurate for 
compounds classified by the chemist as nonpolar, but it does give low 
results for polar compounds such as water, ammonia, most acids, bases, 
and alcohols. 

c. Exact Determination of Latent Heats of Vaporization. —The 
Clapeyron equation expresses the exact relation between vapor pres¬ 
sures and latent heats. 


dp _ JL 
dT ~ T(V y - V e ) 

where p = vapor pressure, lb/sq ft 
T = absolute temperature, °R 
J = 778.1, the mechanical equivalent of heat 
L = latent heat, Btu/lb 
V g = volume of vapor, cu ft/lb 
— volume of liquid, cu ft/lb 

l Z. pkysik. Chem., 107, 65 (1923). 


(E-17) 
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To compute L , the specific volumes of the gas and liquid must be 
known and dp/dT obtained by either graphical or analytical differen¬ 
tiation of the vapor-pressure temperature curve. Thio equation is 
the basis of the Clausius-Clapeyron and numerous other relations. 

The method of Gordon 1 appears quite accurate and permits com¬ 
putation of the latent heats without knowledge of vapor density, 
though the critical pressure and temperature must be known. 

5. Tables and Charts of Thermodynamic Properties of Steam, Pro¬ 
pane, Ammonia, and Carbon Dioxide 


List of Tables and Charts: 

Saturated steam by temperatures. Table E-l 3 

Saturated steam by pressures. Table E-14 

Superheated steam. Table E-15 

Saturated propane. Table E-16 

Superheated propane, temperature entropy diagram. . .. Fig. E-20 

Saturated ammonia. Table E-17 

Superheated ammonia, Mollier diagram. Fig. E-21 

Saturated carbon dioxide. Table E-18 


The uses of thermodynamic data presented in this section are 
manifold. For simple heating and cooling problems the heat supplied 
or liberated is given by the difference between the final and initial 
heat content. 

Q = AH = II 2 - 


where Q = heat absorbed, Btu/lb 

H 2 — heat content, final state, Btu/lb 
Hi = heat content, initial state, Btu/lb 

Example E-l gives the calculation of a refrigeration cycle to illus¬ 
trate the use of tables and charts. See also the discussion of compres¬ 
sion in Chapter K and engines in Chapter I. 

Example E-l. Find the power and cooling water requirements for a 
propane refrigerator supplying 80,000 Btu/hr refrigeration at — 20°F (tem¬ 
perature of refrigerant). Cooling water may be assumed to be at 80°F con¬ 
densing the propane at 100°F. 

Solution: 

1. Conditions at exit of condenser, 100°F liquid propane is saturated at 
188.7 psia 

hi = 264.6 Btu/lb froip Table E-16 


IJnd. Eng. Chew 36, 851 (1943), 
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2. After expansion, — 20°F propane is saturated at 25.05 psia 

== hi = 264.6 Btu/lb (since no heat removed or work performed) 

3. After evaporation, — 20°F propane saturated vapor at 25.05 psia 

hz = 371.5 Btu/lb (Table E-16) 

4. Refrigeration supplied, 

hz - hi = 371.5 - 264.6 = 106.9 Btu/lb 

and 

80,000 . 
q = 748 lb/hr propane circulated 

5. Ideal work of compression under adiabatic (no-heat-loss) conditions, 
A S — 0; follow constant entropy line from — 20°F saturated propane to 
188.7 psi on Fig. E-20 

h h = 413 Btu/lb 

work = h 5 - hz = 413 - 371.5 = 41.5 Btu/lb 

6. Actual work of compression, assume compressor efficiency = 75 per 
cent: 

Work = = 55.3 Btu/lb 

Bhp required to compress 748 lb/hr, 


55.3 X 748 


= 16.25 


2544 

(1 hp = 2544 Btu/hr) 


7. Conditions at exit of compressor, 


Heat content = ha = hz + work of compression, 
371.5 + 55.3 = 426.8 


(This corresponds to 151°F if no heat is removed by compressor jackets.) 

8. Heat to be removed by cooling and condensing, 

hz-h x = 426.8 - 264.6 = 162.2 Btu/lb 
or, for 748 lb/hr of propane, 

Heat to be removed = 748 X 162.2 = 121,000 Btu/hr 

9. Cooling water required, assume 10°F rise. 


Gpm 


121,000 

500 X 10 


24 


(1 gpm = 500 lb/hr) 
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Table E-13.— Properties of Saturated Steam: Temperature Table 


(Abstracted by permission from J. H. Keenan and F. G. Keves, “ Thermo¬ 
dynamic Properties of Steam,” published by John Wiley & aons, Inc.) 



Abs. 

Specific volume 

Heat content 

| Entropy 

T< °F P ’ 

press., 

Sat. 

Sat. 

Sat. 

Subl. 

Sat. 

Sat. 

Sat. 


psi 

solid, Vi 

vapor, Vo 

solid, hi 

Ls 

vapor, h 0 

solid, Si 

vapor. S 0 

-40 

0.0019 

0.01737 

133,900 

-177.00 

1221.2 

1044.2 

-0.3654 

2.5433 

-30 

0.0035 

0.01738 

74,100 

-172.63 

1221.2 

1048.6 

-0.3551 

2.4860 

-20 

0.0062 

0.01739 

42,200 

-168.16 

1221.2 

1053.0 

-0.3448 

2.4316 

-10 

0.0108 

0.01741 

24,670 

-163.59 

1221.0 

1057.4 

-0.3346 

2.3797 

0 

0.0185 

0.01742 

14,770 

-158.93 

1220.7 

1061.8 

-0.3241 

2.3305 

10 

0.0309 

0.01744 

9,050 

-154.17 

1220.4 

1066.2 

-0.3141 

2.2836 

20 

0.0505 

0.01745 

5,658 

-149.31 

1219.9 

1070.6 

-0.3038 

2.2387 

32 

0.0885 

0.01747 

3,306 

-143.35 

1219.1 

1075.8 

-0.2916 

2.1877 


Abs. 

Specific volume 

1 Heat content 

1 Entropy 

Temp., 

op 








press., 

Sat. 

Sat. 

Sat. 

Evap., 

Sat. 

Sat. 

Sat. 



liquid, Vi 

vapor, Vo 

liquid, hi 

L 

vapor, h 0 

liquid, Si 

vapor, So 

32 

0.08854 

0.01602 

3306 

0.00 

1075.8 

1075.8 

0.000 

2.1877 

40 

0.12170 

0.01602 

2444 

8.05 

1071.3 

1079.3 

0.0162 

2.1597 

50 

0.17811 

0.01603 

1703.2 

18.07 

1065.6 

1083.7 

0.0361 

2.1264 

60 

0.2563 

0.01604 

1206.7 

28.06 

1059.9 

1088.0 

0.0555 

2.0948 

65 

0.3056 

0.01605 

1021.4 

33.05 

1057.1 

1090.2 

0.0651 

2.0796 

70 

0.3631 

0.01606 

867.9 

38.04 

1054.3 

1092.3 

0.0745 

2.0647 

75 

0.4298 

0.01607 

740.0 

43.03 

1051.5 

1094.5 

0.0839 

2.0502 

80 

0.5069 

0.01608 

633.1 

48.02 

1048.6 

1096.6 

0.0932 

2.0360 

85 

0.5959 

0.01609 

543.5 

53.00 

1045.8 

1098.8 

0.1024 

2.0222 

90 

0.6982 

0.01610 

468.0 

57.99 

1042.9 

1100.9 

0.1115 

2.0087 

95 

0.8153 

0.01612 

404.3 

62.98 

1040.1 

1103.1 

0.1205 

1.9955 

100 

0.9492 

0.01613 

350.4 

67.97 

1037.2 

1105.2 

0.1295 

1.9826 

105 

1.1016 

0.01615 

304.5 

72.95 

1034.3 

1107.3 

0.1383 

1.9700 

110 

1.2748 

0.01617 

265.4 

77.94 

1031.6 

1109.5 

0.1471 

1.9577 

115 

1.4709 

0.01618 

231.9 

82.93 

1028.7 

1111.6 

0.1559 

1.9457 

120 

1.6924 

0.01620 

203.27 

87.92 

1025.8 

1113.7 

0.1645 ! 

1.9339 

130 

2.2225 

0.01625 

157.34 

97.90 

1020.0 

1117.9 

0.1816 

1.9112 

140 

2.8886 

0.01629 

123.01 

107.89 

1014.1 

1122.0 

0.1984 

1.8894 

150 

3.718 

0.01634 

97.07 

117.89 

1008.2 

1126.1 

0.2149 

1.8685 

160 

4.741 

0.01639 

77.29 

127.89 

1002.3 

1130.2 

u.2311 

1.8485 

170 

5.992 

0.01645 

62.06 

137.90 

996.3 

1134.2 

0.2472 

1.8293 

180 

7.510 

0.01651 

50.23 

147.92 

990.2 

1138.1 

0.2630 

1.8109 

190 

9.339 

0.01657 

40.96 

157.95 

984.1 

1142.0 

0.2785 

1.7932 

200 

11.526 

0.01663 

33.64 

167.99 

977.9 

1145.9 

0.2938 

1.7762 

210 

14.123 

0.01670 

27.82 

178.05 

971.6 

1149.7 

0.3090 

1.7598 

220 

17.186 

0.01677 

23.15 

188.13 

965.2 

1153.4 

0.3239 

1.7440 

230 

20.780 

0.01684 

19.382 

198.23 

958.8 

1157.0 

0.3387 

1.7288 

240 

24.969 

0.01692 

16.323 

208.34 

952.2 

1160.5 

0.3531 

1.7140 

250 

29.825 

0.01700 

13.821 

218.48 

945.5 

1164.0 

0.3675 

1.6998 

260 

35.429 

0.01709 

11.763 

228.64 

938.7 

1167.3 

0.3817 

1.6860 

270 

41.858 

0.01717 

10.061 

238.84 

931.8 

1170.6 

0.3958 

1.6727 

280 

49.203 

0.01726 

8.645 

249.06 

924.7 

1173.8 

0.4096 

1.6597 

290 

57.556 

0.01735 

7.461 

259.31 

917.5 

1176.8 

0.4234 

1.6472 

300 

67.013 

0.01745 

6.466 

269.59 

910.1 

1179.7 

0.4369 

1.6350 

310 

77.68 

0.01755 

5.626 

279.92 

902.6 

1182.5 

0.4504 

1.6231 

320 

89.66 

0.01765 

4.914 

290.28 

894.9 

1185.2 

0.4637 

1.6115 

330 

103.06 

0.01776 

4.307 

300.68 

887.0 

1187.7 

0.4769 

1.6002 

340 

118.01 

0.01787 

3.788 

311.13 

879.0 

1190.1 

0.4900 

1.5891 

350 

134.63 

0.01799 

3.342 

321.63 

870.7 

1192.3 

0.5029 

1.5783 

360 

153.04 

0.01811 

2.957 

332.18 

862.2 

1194.4 

0.5158 

1.5677 

370 

173.37 

0.01823 

2.625 

342.79 

853.5 

1196.3 

0.5286 

1 .5573 

380 

195.77 

0.01836 

2.335 

353.45 

844.6 

1198.1 

0.5413 

1.5471 

390 

220.37 

0.01850 

2.0836 

364.17 

835.4 

1199.6 

0.5539 

1.5371 

400 

247.31 

0.01864 

1.8633 

374.97 

826.0 

1201.0 

0.5664 

1.5272 

450 

422.6 

0.0194 

1.0993 

430.1 

774.5 

1204.6 

0.6280 

1.4793 

500 

680.8 

0.0204 

0.6749 

487.8 

713.9 

1201.7 

0.6887 

1.4325 

550 

1045.2 

0.0218 

0.4240 

549.3 

640.8 

1190.0 

0.7497 

1.3843 

600 

1542.9 

0.0236 

0.2668 

617.0 

548.5 

1165.5 

0.8131 

1.3307 

650 

2208.2 

0.0268 

0.1616 

695.7 

422.8 

1118.5 

0.8828 

1.2637 

700 

3093.7 

0.0369 

0.0761 

823.3 

172.1 

995.4 

0.9905 

1.1389 

705.4 

3206.2 

0.0503 

0.0503 

902.7 

0 

902.7 

1.0580 

1.0580 
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Table E-14.—Properties of Saturated Steam: Pressure Table 
(Abstracted by permission from J. H. Keenan and F. G. Keyes, “Thermodynamic 
Properties of Steam,” published by John Wiley & Sons, Inc.) 


Abs. 

press., 

psi 

Temp., 

Specific volume 

Heat content 

Entropy 

Sat. 

liquid, Vi 

Sat. 

vapor, V 0 

Sat. 

liquid, hi 

Evap., 

L 

Sat. 

vapor, h g 

Sat. 

liquid, Si 

Sat. 

vapor, Sg 

1.0 

101.74 

0.01614 

333.6 

69.70 

1036.3 

1106.0 

0.1326 

1.9782 

5.0 

162.24 

0.01640 

73.52 

130.13 

1001.0 

1131.1 

0.2347 

1.8441 

10 

193.21 

0.01659 

38.42 

161.17 

982.1 

1143.3 

0.2835 

1.7876 

14.7 

212.00 

0.01672 

26.80 

180.07 

970.3 

1150.4 

0.3120 

1.7566 

20 

227.96 

0.01683 

20.089 

196.16 

960.1 

1156.3 

0.3356 

1.7319 

25 

240.07 

0.01692 

16.303 

208.42 

952.1 

1160.6 

0.3533 

1.7139 

30 

250.33 

0.01701 

13.746 

218.82 

945.3 

1164.1 

0.3680 

1.6993 

35 

259.28 

0.01708 

11.898 

227.91 

939.2 

1167.1 

0.3807 

1.6870 

40 

267.25 

0.01715 

10.498 

236.03 

933.7 

1169.7 

0.3919 

1.6763 

45 

274.44 

0.01721 

9.401 

243.36 

928.6 

1172.0 

0.4019 

1.6669 

50 

281.01 

0.01727 

8.515 

250.09 

924.0 

1174.1 

0.4110 

1.6585 

55 

287.07 

0.01732 

"'.787 

256.30 

919.6 

1175.9 

0.4193 

1.6509 

60 

292.71 

0.01738 

7.175 

262.09 

915.5 

1177.6 

0.4270 

1.6438 

70 

302.92 

0.01748 

6.206 

272.61 

907.9 

1180.6 

0.4409 

1.6315 

80 

312.03 

0.01757 

5.472 

282.02 

901.1 

1183.1 

0.4531 

1.6207 

90 

320.27 

0.01766 

4.896 

290.56 

894.7 

1185.3 

0.4641 

1.6112 

100 

327.81 

0.01774 

4.432 

298.40 

888.8 

1187.2 

0.4740 

1.6026 

110 

334.77 

0.01782 

4.049 

305.66 

883.2 

1188.9 

0.4832 

1.5948 

120 

341.25 

0.01789 

3.728 

312.44 

877.9 

1190.4 

0.4916 

1.5878 

130 

347.32 

! 0.01790 

3.455 

318.81 

872.9 

1191.7 

0.4995 

1.5812 

140 

353.02 

0.01802 

3.220 

324.82 

868.2 

1193.0 

0.5069 

1.5751 

160 

363.53 

0.01815 

2.834 

335.93 

859.2 

1195.1 

0.5204 

1.5640 

180 

373.06 

0.01827 

2.532 

346.03 

850.8 

1196.9 

0.5325 

1.5542 

200 

381.79 

0.01839 

2.288 

355.36 

843.0 

1198.4 

0.5435 

1.5453 

250 

400.95 

0.01865 

1.8438 

376.00 

825.1 

1201.1 

0.5675 

1.5263 

300 

417.33 

0.01890 

1.5433 

393.84 

809.0 

1202.8 

0.5879 

1.5104 

350 

431.72 

0.01913 

1.3260 

409.69 

794.2 

1203.9 

0.6056 

1.4966 

400 

444.59 

0.0193 

1.1613 

424.0 

780.5 

1204.5 

0.6214 

1.4844 

500 

467.01 

0.0197 

0.9278 

449.4 

755.0 

1204.4 

0.6487 

1.4634 

600 

486.21 

0.0201 

0.7698 

471.6 

731.6 

1203.2 

0.6720 

1.4454 

800 

518.23 

0.0209 

0.5687 

509.7 

688.9 

1198.6 

0.7108 ' 

1.4153 

1,000 

544.61 

0.0216 

0.4456 

542.4 

649.4 

1191.8 

0.7430 

1.3897 

1,500 

596.23 

0.0235 

0.2765 

611.6 

556.3 

1167.9 

0.8082 

1.3351 

2,000 

635.82 

0.0257 

0.1878 

671.7 

463.4 

1135.1 

0.8619 

1.2849 

2,500 

668.13 

0.0287 

0.1307 

730.6 

360.5 

1091.1 

0.9126 

1.2322 

3,000 

695.36 

0.0346 

0.0858 

802.5 

217.8 

1020.3 

0.9731 

1.1615 

3,206.2 

705.40 

0.0503 

0.0503 

902.7 

0 

902.7 

1.0580 

1.0580 
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Table E-16.—Thermodynamic Properties of Saturated Propane 
[Stearns and George, Ind. Eng. Chem 36, 602 (1943). By permission of the 
American Chemical Society] 
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Table E-16.— Thermodynamic Properties of Saturated Propane ( Continued) 


Temp. 
/, °F 

Pressure 

Volume, 
cu ft/lb 

Heat content, 
Btu/lb 

Latent 
heat L , 
Btu/lb 

I- 

Entropy, 

Btu/(lb)(°F) 

Psia 

V 

Psig 

OP 

Liquid 

V 

Vapor 

V 

Liquid 

h 

Vapor 

H 

Liquid 

s 

Vapor 

S 

-10 

30.95 

16.25 

0.02859 

3.33 

199.4 

374.4 

175.0 

0.9690 

1.3582 

- 8 

32.23 

17.53 

0.02866 

3.20 

200.5 

375.0 

174.5 

0.9714 

1.3577 

- 6 

33.55 

18.85 

0.02873 

3.08 

201.6 

375.5 

173.9 

0.9739 

1.3571 

- 4 

35.00 

20.30 

0.02879 

2.98 

202.7 

376.1 

173.4 

0.9763 

1.3566 

- 2 

36.40 

21.70 

0.02886 

2.86 

203.8 

376.7 

172.8 

0.9788 

1.3560 

0 

37.81 

23.11 

0.02893 

2.74 

205.0 

377.2 

172.2 

0.9812 

1.3555 

+ 2 

39.30 

24.60 

0.02900 

2.66 

206.1 

377.8 

171.6 

0.9836 

1.3550 

4 

40.85 

26.15 

0.02908 

2.56 

207.2 

378 3 

171.1 

0.9860 

1.3545 

6 

42.50 

27.80 

0.02915 

2.47 

208.4 

378.9 

170.5 

0.9884 

1.3541 

8 

44.13 

29.43 

0.02923 

2.38 

209.6 

379.5 

169.9 

0.9908 

1.3536 

10 

45.85 

31.15 

0.02930 

2.30 

210.7 

380.0 

169.3 

0.9932 

1.3531 

12 

47.55 

32.85 

0.02938 

2.22 

211.9 

380.6 

168.7 

0.9956 

1.3527 

14 

49.35 

34.65 

0.02946 

2.14 

213.1 

381.1 

168.0 

0.9979 

1.3523 

16 

51.20 

36.50 

0.02954 

2.08 

214.2 

381.6 

167.4 

1.0003 

1.3518 

18 

53.10 

38.40 

0.02962 

2.00 

215.4 

382.1 

166.7 

1.0026 

1.3514 

20 

55.00 

40.30 

0.02970 

1.93 

216.6 

382.6 

166.0 

1.0050 

1.3510 

22 

57.05 

42.35 

0.02978 

1.86 

217.7 

383.1 

165.4 

1.0073 

1.3506 

24 

59.10 

44.40 

0.02986 

1.79 

218.8 

383.6 

164.8 

1.0097 

1.3502 

26 

61.25 

j 46.55 

0.02995 

1.73 

220.0 

384.1 

164.2 

1.0120 

1.3499 

28 

63.45 

| 48.75 

0.03003 

1.67 

221.2 

384.6 

163.5 

1.0144 

1.3495 

30 

65.70 

51.00 

0.03011 

1.60 

222.3 

385.1 

162.8 

1.0167 

1.3491 

32 

67.95 

53.25 

0.03020 

1.54 

223.4 

385.6 

162.2 

1.0190 

1.3487 

34 

70.33 

55.63 

0.03029 

1.48 

224.5 

386.1 

161.5 

1.0213 

1.3484 

36 

72.75 

58.05 

0.03037 

1.43 

225.6 

386.6 

160.8 

1.0237 

1.3480 

38 

75.20 

60.50 

0.03046 

1.39 

226.8 

387.1 

1G0.2 

1.0260 

1.3477 

40 

77.80 

63.10 

0.03055 

1.33 

227.9 

387.5 

159.6 

1.0283 

1.3473 

42 

80.40 

65.70 

0.03064 

1.28 

229.1 

388.0 

158.9 

1.0306 

1.3470 

44 

83.05 

68.35 

0.03073 

1.25 

230.2 

388.5 

158.2 

1.0329 

1.3466 

46 

85.83 

71.13 

0.03083 

1.21 

231.4 

389.0 

157.5 

1.0352 

1.3463 

48 

88.65 

73.95 

0.03092 

1.17 

232.6 

389.5 

156.8 

1.0375 

1.3459 

50 

91.50 

76.80 

0.03101 

1.14 

233.8 

389.9 

156.1 

1.0398 

1.3456 

52 

94.50 

79.80 

0.03111 

1.10 

234.9 

390.4 

155.4 

1.0421 

1.3453 

54 

97.5 

82.80 

0.03121 

1.07 

236.1 

390.8 

154.7 

1.0443 

1.3450 

56 

100.6 

85.9 

0.03130 

1.04 

237.3 

391.3 

154.0 

1.0466 

1.3447 

58 

103.7 

89.0 

0.03140 

1.01 

238.5 

391.7 

153.3 

1.0488 

1.3444 
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Table E-16.— Thermodynamic Properties of Saturated Propane (Continued) 


Temp. 
t, °F 

Pressure 

Volume, 
cu ft/lb 

Heat content, 
Btu/lb 

Latent 
heat L, 
Btu/lb 

Entropy, 

Btu/(lb)(°F) 

Psia 

V 

Psig 

9P 

Liquid 

V 

Vapor 

V 

Liquid 

h 

Vapor 

H 

Liquid 

s 

Vapor 

S 

60 

106.9 

92.2 

0.03150 

0.984 

239.6 

392.2 

152.6 

1.0511 

1.3441 

62 

110.2 

95.5 

0.03162 

0.958 

240.8 

392.7 

151.8 

1.0534 

1.3438 

64 

113.6 

98.9 

0.03174 

0.932 

242.0 

393.1 

151.1 

1.0556 

1.3435 

66 

117.1 

102.4 

0.03185 

0.906 

243.2 

393.5 

150.3 

1.0579 

1.3433 

68 

120.6 

105 9 

0.03197 

0.880 

244.4 

394.0 

149.5 

1.0601 

1.3430 

70 

124.3 

109.6 

0.03209 

0.854 

245.7 

394.4 

148.7 

1.0624 

1.3427 

72 

127.9 

113.2 

0.03221 

0.832 

246.9 

394.8 

147.8 

1.0647 

1.3424 

74 

131 7 

117 0 

0 03233 

0.810 

248 1 

395.2 

147.0 

1.0669 

1.3421 

76 

135.6 

120 9 

0 03245 

0.788 

249.4 

395.6 

146 2 

1 0692 

1.3419 

78 

139.6 

124.9 

0.03257 

0.766 

250.2 

396.0 

145.4 

1.0714 

1.3416 

80 

143.6 

128.9 

0.03269 

; 0.745 

251.9 

396.4 

144.5 

1.0737 

1.3413 

82 

147.7 

133.0 

0.03281 

0.725 

253.1 

396.8 

143.7 

1.0760 

1.3410 

84 

151.8 

137.1 

0.03293 

0.704 

254.4 

397.2 

142.8 

1.0782 

1.3408 

86 

156.2 

141.5 

0.03305 

0.684 

255.6 

397.6 

141.9 

1.0805 

1.3405 

88 

160.6 

145.9 

0.03317 

0.663 

256.9 

398.0 

141.0 

1.0827 

1.3403 

90 

165.0 

150.3 

0.03329 

0.643 

258.2 

398.3 

140.1 

1.0850 

1.3400 

92 

169.6 

154.9 

0 03341 

0.626 

259.5 

398.7 

139.2 

1.0873 

1.3398 

94 

174.2 

159.5 

0.03353 

0.609 

260.8 

399.1 

138.3 

1.0895 

1.3395 

96 

178.9 

164 2 

0.03366 

0.592 

262.1 

399.5 

137.4 

1.0918 

1.3393 

98 

183.7 

169.0 

0.03378 

0.575 

263.3 

399.9 

136.5 

1.0940 

1.3390 

100 

188.7 

174.0 

0.03390 

0.558 

264.6 

400.2 

135.6 

1.0963 

1.3388 

102 

193.8 

179.1 

0.03402 

0.544 

265.9 

400.5 

134.6 

1.0986 

1.3386 

104 

198.9 

184.2 

0.03415 

0.530 

267.2 

400.9 

133.7 

1.1010 

1.3384 

106 

204.1 

189.4 

0.03427 

0.516 

268.5 

401.2 

132.7 

1.1033 

1.3382 

108 

209.3 

194.6 

0.03439 

0.502 

269.8 

401.6 

131.8 

1.1057 

1.3380 

110 

214.8 

200.1 

0.03452 

0.487 

271.1 

401.9 

130.8 

1.1080 

1.3378 

112 

220.4 

205.7 

0.03468 

0.475 

272.5 

402.3 

129.8 

1.1103 

1.3376 

114 

226.0 

211.3 

0.03484 

0.463 

273.9 

402.7 

128.8 

1.1126 

1.3374 

116 

231.6 

216.9 

0.03500 

0.451 

275.2 

403.0 

127.8 

1.1149 

1.3372 

118 

237.3 

222.6 

0.03516 

0.439 

276.6 

403.4 

126.8 

1.1172 

1.3370 

120 

243.4 

228.7 

0.03532 

0.426 

278.0 

403.8 

125.8 

1.1195 

1.3368 

122 

249.7 

235.0 

0.03548 

0.415 

279.4 

404.1 

124.7 

1.1218 

1.3366 

124 

255.7 

241.0 

0 03564 

0.404 

280.9 

404.5 

123.6 

1.1241 

1.3363 

126 

261.7 

247.0 

0.03580 

0.393 

282.3 

404.8 

122.5 

1.1264 

1.3361 

128 

267.9 

253.2 

0.03596 

0.382 

283.8 

405.2 

121.4 

1.1287 

1.3358 
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Table E-16. —Thermodynamic Properties or Saturated Propane ( Concluded ) 


Temp. 
/, °F 

Pressure 

Volume, 
cu ft/lb 

Ileat content, 
Btu/lb 

Latent 
heat L, 
Btu/lb 

Entropy, 

Btu/(lb)(’F) 

Psia 

V 

Psig 

gp 

Liquid 

V 

Vapor 

V 

• 

Liquid 

h 

Vapor 

II 

Liquid 

s 

Vapor 

S 

130 

274.5 

259.8 

0.03612 

0.370 

285.2 

405.4 

120.2 

1.1310 

1.3356 

132 

281.1 

266.4 

0.03630 

0.360 

286.7 

405.7 

119.0 

1.1334 

1.3353 

134 

287.9 

273.2 

0.03648 

0.350 

288.2 

406.1 

117.9 

1.1358 

1.3350 

136 

294.7 

280.0 

0.03666 

0.340 

289.7 

406.4 

116.7 

1.1382 

1.3348 

138 

301.4 

286.7 

0.03684 

0.330 

291.2 

406.7 

115.5 

1.1406 

1.3345 

140 

308.4 

293.7 

0.03702 

0.320 

292.7 

407.0 

114.3 

1.1430 

1.3347 

142 

315.5 

300.8 

0.03725 

0.312 

294.2 

407.3 

113.1 

1.1454 

1.3339 

144 

322.8 

308.1 

0.03748 

0.303 

295.7 

407.6 

111.9 

1.1479 

1.3336 

146 

330.2 

315.5 

0.03771 

0.295 

297.2 

407.8 

110.6 

1.1503 

1.3332 

148 

337.6 

322.9 

0.03794 

0.286 

298.6 

408.0 

109.4 

1.1528 

1.3329 

150 

345.4 

330.7 

0.03817 

0.278 

300.2 

408.2 

108.0 

1.1552 

1.3326 

152 

352.9 

338.2 

0.03846 

0.270 

301.8 

408.4 

106.6 

1.1578 

1.3321 

154 

360.8 

346.1 

0.03875 

0.263 

303.4 

408.6 

105.2 

1.1603 

1.3317 

156 

368.6 

353.9 

0.03904 

0.255 

305.1 

408.7 

103.6 

1.1629 

1.3312 

158 

376.6 

361.9 

0.03933 

0.248 

306.8 

408.8 

102.0 

1.1654 

1.3308 

160 

385.0 

370.3 

0.03962 

0.240 

308.4 

408.8 

100.4 

1.1680 

1.3303 

162 

392.9 

378.2 

0.03996 

0.234 

310.2 

408.8 

98.6 

1.1707 

1.3297 

164 

401.0 

386.3 

0.04030 

0.227 

312.0 

408.9 

96.9 

1.1734 

1.3291 

166 

409.3 

394.6 

0.04064 

0.221 

313.9 

408.9 

95.0 

1.1762 

1.3284 

168 

417.8 

403.1 

0.04098 

0.214 

315.7 

408.8 

93.1 

1.1789 

1.3278 

170 

426.0 

411.3 

0.04132 

0.208 

317.5 

408.6 

91.1 

1.1816 

1.3272 

172 

463.4 

421.7 

0.04179 

0.202 

319.5 

408.6 

89.1 

1.1847 

1.3262 

174 

445.9 

431.2 

0.04226 

0.197 

321.5 

408.6 

87.1 

1.1878 

1.3252 

176 

455.2 

440.5 

0.04273 

0.191 

323.5 

408.4 

84.9 

1.1908 

1.3243 

178 

464.1 

449.4 

0.04320 

0.186 

325.5 

408.2 

82.7 

1.1939 

1.3233 

180 

473.2 

458.5 

1 

0.04367 

0.180 

327.5 

407.6 

80.1 

1.1970 

1.3223 

182 

483.0 

468.3 

0.04436 

0.174 

329.8 

407.4 

77.6 

1.2004 

1.3210 

184 

492.9 

478.2 

0.04505 

0.168 

332.2 

407.1 

74.9 

1.2038 

1.3196 

186 

503.1 

488.4 

0.04574 

0.161 

334.5 

406.6 

72.1 

1.2072 

1.3183 

188 

512.8 

498.1 

0.04643 

0.155 

336.9 

405.9 

69.0 

1.2106 

1.3169 

190 

523.4 

508.7 

0.04712 

0.149 

339.2 

404.6 

65.7 

1.2140 

1.3156 

200 

575.0 

560.3 

0.0521 

0.113 

353.5 

398.3 

44.8 

1.2360 

1.3040 
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Pressure, Lh/5q.ln., Absolute 



Fig. E-20.—Temperature-entropy chart for propane vapor. [Stearns and George , Ind. 
Eng. Chem. 35, 602, (1943). By permission of the American Chemical Society.] 
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Table E-17.— Saturated Ammonia: Temperature Table 
[Bur. Standards Circ. 142 (1923)] 


Temp. 
t, °F 

Pressure 

Vol¬ 

ume 

vapor, 
cu ft/ 
lb 

V 

Den¬ 

sity 

vapor, 

lb/ 

cu ft 

1/T 

Heat content 

Latent 
heat, 
Btu lb 

L 

Entropy 

Psia ! 

V 

Psig 

QV 

Liquid, 

Btu/lb 

h 

Vapor, 

Btu/lb 

II 

Liquid, 

Btu/ 

(lb)(°F) 

s 

Vapor, 

Btu/ 

(lb)(°F) 

S 

-60 

5.55 

18.6* 

44.73 

0.02235 

-21.2 

589.6 

610.8 

-0.0517 

1.4769 

-58 

5.93 

17.8* 

42.05 

0.02378 

-19.1 

590.4 

609.5 

-0.0464 

1.4713 

-56 

6.33 

17.0* 

39.56 

0.02528 

-17.0 

591.2 

608.2 

-0.0412 

1.4658 

—54 

6.75 

16.2* 

37.24 

0.02685 

-14.8 

592.1 

606.9 

0.0360 

1.4604 

-52 

7.20 

15.3* 

35.09 

0.02850 

-12.7 

592.9 

605.6 

-0.0307 

1.4551 

-50 

7.67 

14.3* 

33.08 

0.03023 

-10.6 

593.7 

604.3 

-0.0256 

1.4497 

-48 

8.16 

13.3* 

31.20 

0.03205 

- 8.5 

594.4 

602.9 

-0.0204 

1.4445 

-46 

8.68 

12.2* 

29.45 

0.03395 

- 6.4 

595.2 

601.6 

-0.0153 

1.4393 

-44 

9.23 

11.1* 

27.82 

0.03595 

- 4.3 

596.0 

600.3 

-0.0102 

1.4342 

-42 

9.81 

10.0* 

26.29 

0.03804 

- 2.1 

596.8 

598.9 

-0.0051 

1.4292 

-40 

10.41 

8.7* 

24.86 

0.04022 

0.0 

597.6 

597.6 

0.0000 

1.4242 

-38 

11.04 

7.4* 

23.53 

0.04251 

2.1 

598.3 

596.2 

0.0051 

1.4193 

-36 

11.71 

6.1* 

22.27 

0.04489 

4.3 

599.1 

594.8 

0.0101 

1.4144 

-34 

12.41 

4.7* 

21.10 

0.04739 

6.4 

599.9 

593.5 

0.0151 

1 4096 

-32 

13.14 

3.2* 

20.00 

0.04999 

8.5 

600.6 

592.1 

0.0201 

1.4048 

-30 

13.90 

1.6* 

18.97 

0.05271 

10.7 

601.4 

590.7 

0.0250 

1.4001 

-28 

14.71 

0.0 

18.00 

0.05555 

12.8 

602.1 

589.3 

0.0300 

1.3955 

-26 

15.55 

0.8 

17.09 

0.05850 

14.9 

602.8 

587.9 

0.0350 

1.3909 

-24 

16.42 

1.7 

16.24 

0.06158 

17.1 

603.6 

586.5 

0.0399 

1.3863 

-22 

17.34 

2.6 

15.43 

0.06479 

19.2 

604.3 

585.1 

0.0448 

1.3818 

-20 

18.30 

3.6 

14.68 

0.06813 

21.4 

605.0 

583.6 

0.0497 

1.3774 

-18 

19.30 

4.6 

13.97 

0.07161 

23.5 

605.7 

582.2 

0.0545 

1.3729 

-16 

20.34 

5.6 

13.29 

0.07522 

25.6 

606.4 

580.8 

0.0594 

1.3686 

-14 

21.43 

6.7 

12.66 

0.07898 

27.8 

607.1 

579.3 

0.0642 

1.3643 

-12 

22.56 

7.9 

12.06 

0.08289 

30.0 

607.8 

577.8 

0.0690 

1.3600 

-10 

23.74 

9.0 

11.50 

0.08695 

32.1 

608.5 

576.4 

0.0738 

1.3558 

- 8 

24.97 

j 10.3 

10.97 

0.09117 

34.3 

609.2 

574.9 

0.0786 

1.3516 

- 6 

26.26 

11.6 

10.47 

0.09555 

36.4 

609.8 

573.4 

0.0833 

1.3474 

- 4 

27.59 

12.9 

9.991 

0.1001 

38.6 

610.5 

571.9 

0.0880 

1.3433 

- 2 

28.98 

14.3 

9.541 

0.1048 

40.7 

611.1 

570.4 

0.0928 

1.3393 


* Inches of mercury below 1 standard atmosphere (29.92 in.). 
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Table E-17.—Saturated Ammonia: Temperature Table ( Continued ) 
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Table E-17.— Saturated Ammonia: Temperature Table ( Concluded ) 


Temp. 
t, °F 

Pressure 

Vol¬ 

ume 

vapor, 
cu ft/ 
lb 

V 

Den¬ 

sity 

vapor, 

lb/ 

cu ft 

UV 

Heat content 

Latent 

heat, 

Btu/lb 

L 

Entropy 

Psia 

V 

Psig 

QP 

liquid, 

Btu/lb 

h 

Vapor, 

Btu/lb 

II 

Liquid, 
Btu/ 
(lb) (°F) 

s 

Vapor, 

Btu/ 

(lb)(°F) 

S 

70 

128.8 

114.1 

2.312 

0.4325 

120.5 

629.1 

508.6 

0.2537 

1.2140 

72 

133.4 

118.7 

2.235 

0.4474 

122.8 

629.4 

506.6 

0.2579 

1.2110 

74 

138.1 

123.4 

2.161 

0.4628 

125.1 

629.8 

504.7 

0.2622 

1.2080 

76 

143.0 

128.3 

2.089 

0.4786 

127.4 

630.1 

502.7 

0.2664 

1.2050 

78 

147.9 

133.2 

2.021 

0.4949 

129.7 

630.4 

500.7 

0.2706 

1.2020 

80 

153.0 

138.3 

1.955 

0.5115 

132.0 

630.7 

498.7 

0.2749 

1.1991 

82 

158.3 

143.6 

1.892 

0.5287 

134.3 

631.0 

496.7 

0.2791 

1.1962 

84 

163.7 

149.0 

1.831 

0.5462 

136.6 

631.3 

494.7 

0.2833 

1.1933 

86 

169.2 

154.5 

1.772 

0.5643 

138.9 

631.5 

492.6 

0.2875 

1.1904 

88 

174.8 

160.1 

1.716 

0.5828 

141.2 

631.8 

490.6 

0.2917 

1.1875 

90 

180.6 

165.9 

1.661 

0.6019 

143.5 

632.0 

488.5 

0.2958 

1.1846 

92 

186.6 

171.9 

1.609 

0.6214 

145.8 

632.2 

486.4 

0.3000 

1.1818 

94 

192.7 

178.0 

1.559 

0.6415 

148.2 

632.5 

484.3 

0.3041 

1.1789 

96 

198.9 

184.2 

1.510 

0.6620 

150.5 

632.6 

482.1 

0.3083 

1.1761 

98 

205.3 

190.6 

1.464 

0.6832 

152.9 

632.9 

480.0 

0.3125 

1.1733 

100 

211.9 

197.2 

1.419 

0.7048 

155.2 

633.0 

477.8 

0.3166 

1.1705 

102 

218.6 

203.9 

1.375 

0.7270 

157.6 

633.2 

475.6 

0.3207 

1.1677 

104 

225.4 

210.7 

1.334 

0.7498 

159.9 

633.4 

473.5 

0.3248 

1.1649 

106 

232.5 

217.8 

1.293 

0.7732 

162.3 

633.5 

471.2 

0.3289 

1.1621 

108 

239.7 

225.0 

1.254 

0.7972 

164.6 

633.6 

469.0 

0.3330 

1.1593 

110 

247.0 

232.3 

1.217 

0.8219 

| 167.0 

633.7 

466.7 

0.3372 

1.1566 

112 

254.5 

239.8 

1.180 

0.8471 

169.4 

633.8 

464.4 

0.3413 

1.1538 

114 

262.2 

247.5 

1.145 

0.8730 

171.8 

633.9 

462.1 

0.3453 

1.1510 

116 

270.1 

255.4 

1.112 

0.8996 

174.2 

634.0 

459.8 

0.3495 

1.1483 

118 

278.2 

263.5 

1.079 

0.9269 

176.6 

634.0 

457.4 

0.3535 

1.1455 

120 

286.4 

271.7 

1.047 

0.9549 

179.0 

634.0 

455.0 

0.3576 

1.1427 

122 

294.8 

280.1 

1.017 

0.9837 

181.4 

634.0 

452.6 

0.3618 

1.1400 

124 

303.4 

288.7 

0.987 

1.0132 

183.9 

634.0 

450.1 

0.3659 

1.1372 

125 

307.8 

293.1 

0.973 

1.028 

185.1 

634.0 

448.9 

0.3679 

1.1358 
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Table E-18. —Carbon Dioxide (CO 2 ), Saturated Vapor* 

(Perry, “Chemical Engineers' Handbook,” 2d ed., McGraw-Hill Book Company, Inc., New York, 1941) 
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Entropy from 32°F 

Vapor, 

Bt ( %r 

"0.2353 

0.2342 

0.2331 

0.2319 

0.2307 

0.2296 

0.2284 

0.2273 

0.2261 

0.2249 

0.2237 

0.2225 

0.2213 

0.2207 

0.2201 

0.2189 

0.2176 

0.2164 

0.2139 

0.2080 

0.2010 

0.1934 

0.1849 

0.'"48 
0.1618 

0.1401 

0.1363 

0.1120 

£i~ 

Hffl 

0.2867 

0.2837 

0.2807 

0.2777 

0.2746 

0.2716 

0.2685 

0.2654 

0.2623 

0.2592 

0.2561 

0.2530 

0.2498 

0.2482 

0.2466 

0.2435 

0.2402 

0.2370 

0.2305 

0.2154 

0.1978 

0.1788 

0.1580 

0.1342 
0.1045 

0.0575 

0.0495 

0.J000 

Liquid, 

Btu/(lb) 

(°F) 

-0.0514 

-0.0495 

-0.0476 

-0.0458 

-0.0439 

-0.0420 

-0.0401 

-0.0382 

-0.0362 

-0.0343 

-0.0324 

-0.0304 

-0.0285 

-0.0275 

-0.0266 

-0.0246 

-0.0226 

-0.0206 

-0.0166 

-0.0074 

O. 

0 0146 
0.0268 
0.0406 
0.0573 

0.0826 

0.0868 
0.1120 

Heat content above 32°F 

Vapor, 

Btu/lb 

102.0 

102.1 

102.2 

102.2 

102.3 

102.3 

102.3 

102.3 

102.3 

102.3 

102.2 
102.2 
102.1 
102.1 
’ 102.1 

102.0 

101.9 

101.8 

101.5 

100.7 

99.38 

97.46 
94.78 
91.01 
85.33 

74.47 
72.46 
59.23 

Latent, 

Btu/lb 

126.0 

125.2 

124.5 

123.7 
122.9 

122.0 

121.2 

120.3 

119.5 

118.6 

117.7 

116.7 

115.8 

115.3 

114.8 

113.8 

112.8 
111.7 
109.6 

104.3 

97.77 

90.21 

81.29 
70.35 
55.83 

31.29 
27.00 

0.00 

Liquid, 

Btu/lb 

-23.96 

-23.13 

-22.30 

-21.46 

-20.61 

-19.76 

-18.90 

-18.04 

-17.17 

-16.29 

-15.41 

-14.51 

-13.61 

-13.16 

-12.71 

-11.79 

-10.87 

- 9.934 

- 8.038 

- 3.618 

1.604 

7.251 

13.49 
20.66 

29.50 

43.18 
45.45 
59.23 

Density 

Vapor, 
lb/cu ft 

2.401 

2.489 

2.580 

2.674 

2.772 

2.872 
.2.976 
3.083 
. 3.194 

3.309 

3.427 

3.550 

3.676 

3.741 

3.807 

3.942 

4.082 

4.227 

4.532 

5.303 

6.323 

7.571 

9.132 

11.18 

14.13 

20.00 

21.09 

28.90 

Liquid, 
lb/cu ft 

64.34 

64.15 

63.94 
63.73 

63.49 

63.25 

63.01 

62.76 

62.50 
62.23 

61.95 
61.65 
61.36 
61.22 
61.07 

60.77 
60.48 
60.18 
59.58 

58.14 

56.41 

54.41 
52.06 

49.14 
45.05 

38.76 

37.41 
28.90 

Volume 

Vapor, 
cu ft/lb 

0.4166 

0.4018 

0.3876 

0.3739 

0.3608 

0.3482 

0.3360 

0.3243 

0.3131 

0.3022 

0.2918 

0.2817 

0.2720 

0.2673 

0.2627 

0.2537 

0.2450 

0.2366 

0.2207 

0.1886 

0.1581 

0.1321 

0.1095 

0.0894 

0.0708 

0.0500 

0.0474 

0.0346 

Liquid, 
cu ft/lb 

0.0155 

0.0156 

0.0156 

0.0157 

0.0157 

0.0158 

0.0159 

0.0159 

0.0160 

0.0161 

0.0161 

0.0162 

0.0163 

0.0163 

0.0164 

0.0165 

0.0165 

0.0166 

0.0168 

0.0172 

0.0177 

0.0184 

0.0192 

0.0203 

0.0222 

0.0258 

0.0267 

0.0346 


Atm, 

gauge 

14.00 

14.53 

15.08 

15.64 

16.21 

16.80 

17.41 

18.03 

18.67 
19.32 

20.00 

20.68 

21.39 
21.75 
22.11 

22.85 
23.61 

24.39 
26.01 
29.94 

34.81 

40.26 

46.34 

53.09 

60.57 

68.83 

69.70 

71.86 

Pressure 

1 

P* 

205.9 

213.7 

221.7 

229.9 

238.3 

247.0 

255.9 
265.0 

274.4 
284.0 

293.9 
304.0 

314.4 

319.7 

325.1 

336.0 

347.1 

358.6 

382.4 

440.1 

511.7 

591.8 

681.2 

780.4 

890.4 

1012.3 

1024.3 

1056.3 


Psia 

220.6 

228.4 

236.4 

244.6 
253.0 

261.7 

270.6 

279.7 

289.1 

298.7 

308.6 

318.7 

329.1 

334.4 

339.8 

350.7 

361.8 

373.3 

397.1 

454.8 

526.4 

606.5 

695.9 

795.1 

905.1 

1027.0 

1039.0 

1071.0 

d 

ah 

s° 

3 

§2222 ooo<o«« <*2228 8828 

l l l l l l l l l 1 


* Mollier (Amagat), Hodson, “Ice and Cold Storage,” London, 1914. Rearranged to conform to A.S.R.E. Standard. 
Refrig. Eng. Circ. 9 (1926). 
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6. Heats of Reaction 

a. Heats of Formation.—Heats of reaction are conveniently sum¬ 
marized in tabular form by the heats of formation from the elements. 
The heat of formation of a compound is usually defined as the heat 
that would be absorbed by the spontaneous formation of 1 mole of that 
substance from the elements when the reaction is conducted at 18°C 
(64.4°F) and atmospheric pressure. Actually, of course, very few 
substances may be so formed, and most heats of formation are, there¬ 
fore, determined indirectly. Heats of formation are frequently given 
at 25°C (77°F) instead of 18°C. 

Heats of formation for a few inorganic substances are given in 
Table E-19; for hydrocarbons, in Table E-20. For additional heats of 
formation the reader is referred to reference texts, particularly Bichow- 
sky and Rossini. 1 

The procedure used in employing these heats of formation is 
illustrated by Example E-2, the computation of the heat of solution of 
carbon dioxide in sodium hydroxide. 

Example E-2. Compute the heat of solution of carbon dioxide in sodium 
hydroxide solution (1 mole dissolved in 400 moles of water, i . e ., 0.55 per cent 
NaOH) to form sodium carbonate solution (1 mole dissolved in 401 moles of 
water). 

Reaction, 

CO 2 (g) + 2NaOH(ag, 400) = Na 2 C0 3 (a?, 401) + H 2 0(Z) 

Heat of formation of products, 

Na 2 C0 3 (a$, 400) AH° . -495,200 Btu/lb mole 

H 2 O(0AH°. -123,070 Btu/lb mole 

Total. -618,270 

Heat of formation of reactants, 

C0 2 (gr)Afl°. -169,300 Btu/lb mole 

2NaOH(o$, 400)Atf° 

= -2 X 201,700 -403,400 Btu/two lb moles 

Total. -572,700 

Change in heat content = AH = —618,270 + 572,700 = —45,570 
Heat of reaction = —AH = 45,570 Btu/lb mole of C0 2 

This is the heat of solution of 1 mole of carbon dioxide in 0.55 per cent 
sodium hydroxide to form a solution of sodium carbonate. 

1 “Thermochemistry of the Chemical Substances,” Reinhold Publishing Cor¬ 
poration, New York, 1938. 
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Table E-19.—Heats of Formation of a Few Inorganic Substances {Continued) 


Substance, formula, and state* 

Heat of formation at 18°C 
(64.4°F) from elements 


Kg-cal/g mole 

Btu/lb mole 

Iron compounds: 



Metal, Fe (a). 

O.OOf 

ot 

Ferrous chloride, FeCl 2 (a). 

- 81.9 

-147,400 

FeClj (aq) . 

- 99.8 

-179,600 

Ferric chloride, FeCl 3 (s). 

- 96.4 

-173,400 

FeCl» ( aq , 1,000). 

-128.1 

-230,600 

Ferric oxide, Fe 2 0 3 (a). 

-198.5 

-357,300 

Magnetic oxide, Fe 3 0 4 (s). 

-266.9 

-480,400 

Magnesium: 



Metal, Mg (a). 

o.oot 

ot 

Chloride, MgCl 2 (a). 

-151.6 

-272,900 

MgCl 2 (aq, 400). 

-189.13 

-340,400 

Oxide, MgO (s) . 

-146.1 

-263,000 

Sulphate, MgS0 4 (a). 

-304.95 

-548,900 

MgS0 4 (aq, 400). 

-325.25 

-585,400 

Nitrogen compounds: 



Element, N 2 (g) . 

o.oot 

Ot 

Ammonia, NH 3 (g) . 

- 11.00 

- 19,800 

NH 3 (aq, 200). 

- 19.35 

- 34,800 

Ammonium chloride, NH 4 C1 (s) . 

- 74.95 

-134,900 

NII.Cl (aq, 400). 

- 71.06 

-127,900 

Oxygen, 0 2 (g) . 

o.oot 

ot 

Potassium: 



Metal, K (s). 

O.OOf 

ot 

Chloride, KC1 (s). 

-104.361 

-187,850 

-179,820 

KC1 (aq, 400). 

- 99.899 

Carbonate, K 2 C0 3 (s). 

-274.03 

-493,300 

K 2 C0 3 (aq, 400). 

-280.66 

-505,200 

Hydroxide, KOH (a). 

-102.02 

-183,600 

KOH (aq, 400). 

-114.82 

-206,700 

Sulphate, K 2 S0 4 (a). 

-342.66 

-616,800 

K 2 S0 4 (aq, 400). 

-336.24 

-605,200 

Sodium: 



Metal, Na (s). 

Chloride, NaCl (a). 

o.oot 

ot 

- 98.330 

-176,900 

NaCl (aq, 400). 

- 97.105 

-174,790 

Cyanide, NaCN (a). 

- 22.52 

- 40,500 

NaCN (ag, 200). 

- 22.15 

- 39,900 

Carbonate, Na 2 C0 3 (s). 

-269.46 

-485,100 

Na>OOt (aq, 400). 

-275.09 

-495,200 

Bicarbonate, NaHCOs ("). 

-226.0 

-406,800 

NaHCOs (an) . 

-221.9 

-399,400 


* Symbol in parentheses indicates state, see end of table, 
t By definition. 
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Table E-19. Heats of Formation of a Few Inorganic Substances ( Concluded ) 


Substance, formula, and state 


Heat of formation at 18°C 
(64.4°F) from elements 


Sodium: Continued 
Nitrate, NaNOj ($)... 

NaN0 3 ( aq, 400).. . 
Hydroxide, NaOH (s) 
NaOH (aq, 400).... 
Sulphide, Na 2 S (s).... 

Na 2 S (aq, 400). 

Sulphate, Na 2 S0 4 (s). 
Na 2 S0 4 (aq, 400)... 
Sulphur: 

Rhombic S (s). 

Dioxide, S0 2 (g) . 

Trioxide, S0 3 ( g ). 


Kg-cal/g mole 


-111.72 

-106.684 

-101.96 

-112.053 

- 89.8 
-104.96 
-330.48 
-330.735 

o.oot 

- 70.92 

- 93.9 


Btu/lb mole 


- 201,100 

-192,000 

-183,500 

-201,700 

-161,600 

-188,900 

-594,900 

-595,300 

Of 

127,700 

169,000 


* Symbol in parentheses indicates state. 

(s) denotes solid; (g) gas; (l) liquid; (a) crystal form; (aq) dilute water solu¬ 
tion; and (aq, 400) solution 1 mole in 400 moles of water, 
t By definition. 


The heats of reaction computed by this method are precise, pro¬ 
vided the reactants and products are at the standard conditions 
specified. If high pressures or concentrated solutions are involved, 
corrections may be necessary. 

Very often a heat of reaction may be desired at temperatures other 
than 64.4°F. In this case correction is necessary but may be readily 
made from specific heat data by use of Hess' law of constant heat 
summation. This law states that the heat of reaction is independent 
of the manner in which it is conducted and depends only on the initial 
and final states. 

If the heat of reaction is desired at some temperature, T , it may be 
computed in three steps: (1) Compute the heat change, AH h required 
to heat or cool the reactants to 64.4°F. (2) Compute the heat change 

accompanying reaction A H 2 at 64,4°F from the heats of formation. 
(3) Compute the heat change, A Hz, required to restore the reaction 
products to T , the initial temperature. The heat of reaction, —A H, 
will then be obtained by securing the algebraic sum 

(AH = AH i + A Hi + A H t ) 
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Table E-20.— Beats of Formation of Gaseous Hydrocarbons from Carbon 
(Graphite) and Gaseous Hydrogen at 25°C (77°F) 

[Abstracted from Rossini, Chem. Rev., 27, 1 (1940), published by The Williams & 
Wilkins Company, Baltimore, Md.] 


Substance 

Heat of formation 

Cal/g mole 

Btu/lb mole 

Methane, CH 4 ( g ). 

-17,865 ± 74 

-32,157 

Acetylene, C 2 H 2 (p). 

54,228 ± 235 

97,610 

Ethylene, C 2 H 4 (g) . 

12,556 ± 67 

22,601 

Ethane, C 2 H 8 (g). 

-20,191 ± 108 

-36,344 

Propylene, C 3 H 6 (g) . 

4,956 ± 110 

8,921 

Propane, C 3 H 8 (g). 

-24,750 ± 124 

-44,550 

1-3, Butadiene, C 4 H 6 (g). 

26,865 ± 240 

48,357 

Isobutylene, C 4 H 8 (g). 

- 3,205 ± 125 

- 5,769 

1-Butylene, C 4 H 8 (g). 

383 ± 180 

689 

cis-2-Butylene, C 4 H 8 (g). 

- 1,388 ± 180 

- 2,500 

frans-2-Butylene, C 4 H 8 (g). 

- 2,338 ± 180 

- 4,208 

Isobutane, C 4 Hi 0 (g). 

-31,350 ± 132 

-56,430 

r^Butane, C 4 Hi 0 (g). 

-29,715 ± 153 

-53,487 

71 -Pentane, C 6 Hi 2 (g). 

-34,739 ± 213 

-62,530 


and reversing the sign. The procedure is illustrated by Example 
E-3. 


Example E-3. Compute the heat of the reaction: 

C(s) + C0 2 (p) = 2CO(p) at 1500°F 


Solution: 

1 . Cooling C(s) from 1500 to 64.4°F, 

AH = 8 — 506 = -505 Btu/lb 

= —12 X 505 = —6060 Btu/lb mole 
(Data from Table E-4) 

2. Cooling CO 2 (g) from 1500 to 64.4°F, 


AH = 0.1 - 45.7 = -45.6 Btu/SCF 

-45.6 X 378.7 = -17,300 Btu/lb mole 

(Data from Figs. E-10 and E-ll) 

3. Total change in heat content for cooling reactants, 

AII 1 = -6060 - 17,300 = -23,360 Btu 
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4. Reaction at 64.4°F, 

Products, 2C0(g):AH° = +2 X (-47,500)... 

Reactants, C(s) + C0 2 (g):AH° = 0 - 169,300 
Subtracting, A H 2 . 

5. Heating CO product from 64.4 to 1500°F, 

AH = 29.3 - 0.1 = 29.2 Btu/SCF 
A H z = 2 X 378.7 X 29.2 = 22,100 Btu 

6. Reaction at 1500°F, 

AH = AHi + AH 2 + AH Z = -23,360 -1- 22,100 + 74,300 = 73,040 Btu 

7. Heat of reaction at 1500°F, 

—AH = -73,040 Btu 

b. Heat of Combustion. —For combustible materials and combus¬ 
tion products (water, carbon dioxide, sulphur dioxide), the heats of 
combustion may be used for computation of heats of reaction as if they 
were the heats of formation. That is, the heat of reaction, — AH is 
the heat of combustion of the reactants less the heat of combustion of 
the products. Either the gross or net heating values may be so 
employed. However, if water is one of the reactants or products, the 
gross value must be used; conversely, if water vapor is involved, the net 
heat must be employed. Numerical values and definitions of heating 
values are discussed under Fuels in Chapter H. 

7. Heat Balances 

The principle of heat balance is the conservation of energy; roughly 
stated “energy in = energy out.” This principle is used in nearly all 
process calculations of steam, power, and cooling water requirements. 
The term “heat balance” is usually reserved for calculations made in a 
formal manner. (The term “heat balance” is used by common con¬ 
sent because heat is usually the predominate item; however, it is really 
the energy that is balanced.) There are many systems of computing 
the Btu’s in and out. One such system of bookkeeping for a flowing 
system maintained at steady temperatures and pressures is roughly 
indicated below. 

Heat input includes 

1. Heat content (relative to same standard temperature and 
pressure) of all materials entering system. 

2. Heat of reactions taking place in system (heat computed at 
standard temperature and pressure used in 1). 


-95,000 Btu 
-169,300 Btu 
74,300 Btu 
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3. Heat supplied by steam, fuel, etc 

4. Work done on system—compression pumping, etc. 

(1 hp-hr = 2544 Btu; 1 watt-hour = 3.345 Btu) 

5. Kinetic energy of materials entering system, 


E k 


Wv 2 
50,000 


where E K = kinetic energy, Btu/hr 

W = mass of flowing material, lb/hr 
v = velocity, fps 

6. Potential energy of all materials entering system relative to some 
fixed height (datum plane) such as the lowest point of system. 


Heat output includes 

1. Heat content of all materials leaving the system. 

2. Work done by system—expansion engines, etc. 

3. Heat leaks to atmosphere. 

4. Heat removed by cooling water or refrigeration. 

5. Kinetic energy of all materials leaving. 

6. Potential energy of all materials leaving. 

Other items may have to be included in special cases. Frequently, 
different systems of accounting will be found more suitable. For 
example, in cracking units a large number of reactions proceed simul¬ 
taneously and make direct computation difficult. However, the net 
effect of heats of all reactions may be taken care of by including the 
heat of formation of materials charged in “heat in” and the heat of 
formation of materials leaving in “heat out.” If only combustible 
materials and their combustion products are handled, the heat of 
combustion may be used in place of the heat of formation. 


8. Equilibrium Data and Free Energies 

Vapor-pressure data have been given earlier in the chapter and a 
small amount of gas-solubility data and distillation equilibria are given 
in Chapter L. 

Equilibrium of a chemical reaction is usually expressed as the 
equilibrium constant. The equilibrium constants for three reactions 
are given in Fig. E-22. These are only examples of the many indus¬ 
trially important equilibria. Much of the equilibrium data is sum¬ 
marized by free energies. The equilibrium constant and free energies 
are defined in the next section on basic equations. The relation 
between free energy and the equilibrium constant is given below. 



Equilibrium Constant, K 
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A F 

- Y = RlnK = 4 577 lo S K (E-18) 

where A F = change in free energy accompanying reaction (lor the 
number of moles indicated by the reaction equation) 

K = equilibrium constant for reaction 
T = absolute temperature 
R = gas-law constant, same units as A F/T 
R In K = 4.577 log K when AF/T is in cal/(g moles) (°K) or in 
Btu/(lb moles) (°R) 



400 600 800 1000 1200 1400 1600 1800 

Temperature, Deg.F. 

Fig. E-22.—Temperature dependence of three equilibrium constants. 
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energies of inorganic compounds are given by Latimer. 1 Kelley has 
summarized data on sulphur compounds, 2 nitrides and carbides, 3 and 
metal carbonates. 4 Parks and Huffman 5 give extensive data on 
organic compounds. Data on hydrocarbons are given by Pitzer 6 and 
by Thacker, Folkins, and Miller. 7 

The use of free-energy data is illustrated by Example E-4. 

Example E-4. Compute the equilibrium constant for the reaction 
CH A (g) + H 2 0 (g) = CO (g) + 3H t (g) at 1700°F (1200°K), and find the 
amount of conversion achieved when 2 moles of steam per mole of methane 
are reacted at 1 atm. 


Solution: Free-energy data from literature 

1 . Free energy of formation of products, 

CO: AF°/T = -43.63 Btu/(lb mole)(°R) 
3H 2 : AF °/T = 0.00 

Total = -43.63 


2. Free energy of formation of reactants, 

CH 4 : AF°/jP = 8.14 Btu/(lb mole) (°R) 

H 2 0: AF °/T = -36.15 

Total = -28.01 


3. Free energy of reaction, 


A¥°/T = -43.63 - (-28.01) = -15.62 


4. Equilibrium constant. 


log K “ 4.577 X 
K = 2,570 = 


-A F 15.62 

T ~ 4.577 
(CO)(H 2 )» 
(CH 4 )(H 2 0) 


= 3.410 


5. Methane conversion, 

Trial assumption, conversion is nearly complete. 
After reaction of 100 moles CH 4 + 200 moles H 2 0, 
Moles CH 4 = y (to be computed) 


1 “Oxidation States of the Elements and Their Potentials in Aqueous Solu¬ 
tion,Prentice-Hall, Inc., New York, 1938. Cf. Perry, op. cit. 

2 U.S. Bur. Mines Bull. 406 (1937). 

3 U.S. Bur . Mines Bull. 407 (1937). 

4 U.S. Bur. Mines Bull. 384 (1935). 

6 “The Free Energies of Some Organic Compounds,” Reinhold Publishing 
Corporation, New York, 1932. 

6 Chem. Rev., 27, 39 (1940). 

* Ind. Eng. Chem., 33, 584 (1941). 
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H 2 0 = 200 - (100 - y) = 100 + y . 100 

CO = 100 - y . 100 

H 2 = 300 - 3 y . 300 

Total = 500 — Zy . 500 


Partial pressure in atmospheres = mole fractions. 

CH 4 = 2//500 = 0.002?/ 

H 2 0 = 100/500 = 0.2 
CO = 100/500 = 0.2 
H 2 = 300/500 = 0.6 
(CO)(H 2 ) 3 0.2 X (0.6) 3 113 

^o/u - (CH4)(H2 o) - 0.002 y X 0.2 - y 
or 

113 

y = 2570 = 0*04 moles/100 moles CH 4 charged 

This is nearly complete conversion justifying the assumption made and the 
neglect of y in computing the number of moles of H ? 0, CO, and H 2 . 

Discussion: This computation shows that if this reaction is rapid and 
if no side reactions are involved, complete conversion of methane may be 
effected at 1700°F. This reaction is the basis of one commercial process for 
production of hydrogen. In practice a catalyst (such as nickel) is employed 
to speed the reaction. Some C0 2 is also formed in accordance with the 
reaction 

CO + HoO = C0 2 + H ? 

9. Basic Laws and Equations of Physical Thermodynamics 

Although laws of thermodynamics are universally applicable, they 
may be expressed in relatively simple forms when no changes in com¬ 
position are involved. Hence, the distinction between physical and 
chemical thermodynamics. 

a. Law of Conservation of Mass.—This law states that mass is 
indestructible and may not be destroyed or created by any process. 

b. First Law of Thermodynamics. The Law of Conservation of 
Energy. —This law states that energy is also indestructible, though one 
form of energy may disappear and reappear as a different form. For 
example, if a weight is dragged along the ground, the work expended is 
not lost but is converted to heat. 

c. Second Law of Thermodynamics. —There are many ways of 
stating this law, all of which appear unrelated except that they are 
uniformly confusing to the novice, and nothing can be done about it. 
One such statement is that heat cannot be transferred from one tem¬ 
perature to a higher temperature without the expenditure of work. 
Equation (E-32) is a mathematical statement of this law. The various 
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statements of the law are related to each other as the hen to the egg; the 
others all follow from the one chosen (arbitrarily) as first. 

d. Thermodynamic Functions. 


Quantity 

Symbol 

Definition 

Energy content (internal energy). 

U 

By properties of system 

Heat content (enthalpy). 

H 

H = U +p7 

Entropy.. 

S 

By properties of system 

Helmholz free energy. 

A 

A = U - TS 

Free energy (chemical potential). 

F 

F = U +pV - TS 

Absolute temperature. 

T 

Thermodynamic scale 

Pressure (absolute). 

V 

External force/area 

Volume. 

V 

By dimensions of system 

Specific heat at constant volume. 

c v 


Specific heat at constant pressure. 

C p 


Heat absorbed by system. 

Q 

Experiment 

Work done by system. 

w 

Experiment 


The absolute values of the quantities U, H, A, and F are not speci¬ 
fied but must be arbitrarily assigned a given value at some standard 
state of the system. For example, the value of heat contents and 
entropies given in steam tables are based on H = S =» 0 for liquid 
water at 32°F and 1 atm pressure. Entropy does have an absolute 
value, but this is of no consequence for physical thermodynamics, 
though it is of value in chemical thermodynamics and statistical 
mechanics. It may be noted that pure thermodynamics defines the 
quantities only mathematically . If some of the quantities are found 
experimentally, the thermodynamic equations establish others. 

e. Basic Equations, Static Systems. —The following equations are 
rigorously applicable to any stationary system whether homogeneous 
or heterogeneous. 

Change in energy content at constant volume: 


($. 

- * - (fi). 

(E-19) 

u 

= U 0 + jC v dT 

(E-20) 


Change in heat content at constant pressure: 

cd. -- m . 


(E-21) 
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or 


H = H„ + SC P dT 

(E-22) 

if 


C P = a + bT - el* - A 

(E-23) 

H = Ho+ aT + Y 2 bT 2 - V 3 cT* + ~ 

(E-24) 

Change in heat content at constant temperature: 


m, - 

(E-25) 

/ nm\ 

where u = ( — ) , the Joule-Thomson coefficient 
\dvfn 

determined by 

measuring the temperature change accompanying a free 
expansion under adiabatic (perfectly insulated) conditions 

Change in entropy at constant pressure: 


II 

*314* 

(E-26) 

S = S 0 + f ^ dT 

(E-27) 

Change of entropy at constant temperature: 


(dS\ _(dp\ 

\dVj T \dT/ v 

(E-28) 

(M) = _ (W) 

\dpjr \dTj p 

(E-29) 

Thermodynamic equation of state: 


-- $). 

(E-30) 

F - r c4 + (fi 

(E-31) 


Condition for maximum mechanical efficiency of any cyclical process: 

j>jr = 0 (E-32) 


This is a statement of the second law. (The symbol denotes 
integration for one complete cycle which returns system to its original 
state.) 
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Condition for maximum efficiency of any process: 



(E-33) 


(Such a process is said to be a “reversible” one.) 

Work produced by any reversible process: 

w = fp dV = -A U + Q (E-34) 

Q = fT dS (E-35) 

Work produced by a reversible process at constant temperature: 


w = fp dv — —AA = —At/ + Q (E-3f>) 

Q = TAS (E-37) 

Work produced by a reversible process at adiabatic conditions (no 
heat loss or gain): 

w = fp dv = AH (E-38) 

Q = 0, AS = 0 (E-39) 

Relation of work produced to heat absorbed for any process: 

Q — w = AU (E-40) 

Equilibrium pressure for phase change: 


ST = TaV ^ Cla P e y ron e q uation ) (E-17a) 


f. Basic Equations, Flowing Systems. 

Kinetic energy of flow: 

KE. = (E-41) 

where u = linear velocity (or root of mean square velocity if system is 
flowing at a nonuniform velocity) 
m = weight of system 
g = gravitational acceleration 
Potential energy: 

P.E. = mZ 


where Z = height above datum plane 
Bernoulli’s equation: 
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This equation applies to any flowing system when steady flow is 
established. The subscript (1) refers to material entering system; the 
subscript (2) refers to material leaving. Q is the heat added to the 
flowing material between the entrance and exit points; w is the external 
work done by flowing material between the entrance and exit points. 

10. Basic Laws and Equations of Chemical Thermodynamics 

Because of the need of speed even at the expense of laslr-place 
accuracy, many process calculations are made without the benefit of 
the precise but time-consuming methods of chemical thermodynamics, 
except by employing thermochemical tabulations supplied by the 
research worker. However, such refined calculations are desirable 
when they can be made. Here are included a few of the basic equa¬ 
tions for reference. 

a. Laws of Chemical Thermodynamics. —The basic laws are 
identical with physical thermodynamics. An added principle is the 
third law of thermodynamics which states that the absolute entropy 
of a perfect crystal is zero when reduced to a temperature of absolute 
zero. Most substances do form substantially perfect crystals at 
absolute zero, but many such as carbon monoxide, ice, and spinel 
minerals form imperfect crystals and do not obey the “law.” 

Thermodynamic equations may readily be modified to include 
composition as a variable and thereby treat problems involving com¬ 
position change ( i.e ., chemical thermodynamics). 

b. Partial Molal Quantities. —These are defined by the following 
equations; 

O' - 0. - g, etc. (&43) 

G — U\G\ + ri'Jjt + TI 3 G 3 + • • • (E-44) 

where subscripts designate components 1, 2, 3, etc. 

G = any extensive property 1 such as F, H, U y A , F, C p , C v 

n 1 = number of moles, component 1, etc. 

Partial molal heat contents, free-energy volumes, heat capacities, 
etc., may be used directly in the equations of physical thermodynamics, 
provided that all components are treated in computing over-all effects. 

c. Fugacity and Activity. —The equations just given are precise 
but not always convenient because of the difficulty of experimentally 
determining the partial molal volumes, heats, etc. The use of partial 
pressures is much more convenient than the use of partial volumes. 

1 An extensive property is proportional to quantity of material. T, p, Fi, S, 
etc., are independent of quantity and are called “ intensive ” properties. 
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Consequently the fugacity, an idealized partial pressure, has been 
devised. The partial pressure of a gas or vapor is defined by: 

Pi = Nip, P 2 = N 2 p, etc. (E-45) 

where pi = partial pressure, component 1 

N i = mole fraction of component 1 in the gaseous phase 
When the perfect gas law is obeyed, as it is at low pressures, 

fi = Vi (E-46) 

where/i = fugacity of component 1 . 

For other conditions (including the solid and liquid phases) the 
fugacity is defined by the following relation: 

Pi = RT ln/x + Bx (E-47) 

where R = gas-law constant 

Bx = arbitrary constant whose value is so chosen that Eq. (E-46) 
holds when the conditions for validity are fulfilled 
For liquid and solid solutions, it may be more convenient to use the 
activity, which is an idealized mole fraction and is defined in the same 
way as the fugacity, except that the additive constant is different: 

Fx = RT In ax + F? (E-48) 

where a\ = activity, component 1 

F\ = free energy per mole of component in its pure liquid state 
at same temperature (or solid state, if a solid solution) 

For aqueous solutions of inorganic solids the activity is defined as 
the idealized molality. 

For convenience, activity and fugacity data are usually given as 
activity coefficients, which are defined below: 

7i = — (gases) (E-49) 

V i 

7 i = ^ (solutions) (E-50) 

IS 1 

7 ! = — (aqueous solutions) (E-51) 

771 \ 

where 71 = activity coefficient of component 1 
The basic Jaw of ideal solution is Raoult’s law: 

pi = plNi (E-52) 

where p\ = vapor pressure, pure liquid component 1 
Nx = mole fraction, component 1 
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This law is more precisely stated, 

h = ANi 

where = fugacity of pure liquid, component 1 
fi = fugacity of component 1 in mixture 
d. Thermodynamics of Chemical Reactions.—A thermodynamic 
equation of a reaction states the thermodynamic state of the substance 
in parenthesis after the formula as follows: 

(i g ) gaseous state; standard state at fugacity of 1 atm, unless other¬ 
wise stated 

(l) liquid or liquid solution; standard state is pure liquid at 1 atm, 
unless otherwise stated 

( aq) aqueous solution; standard state at activity == 1 molal 
(s) solid; standard state is pure solid unless otherwise stated 
(a), (0), etc., denote different crystalline forms of solids 
Below are given three such equations and the corresponding equilibrium 
constants. 


Equation 

Equilibrium constant 

Exact 

Approximate 

A. H,0(l) + C,H t (g) = C L ,H s OH(7) 

B* 2Cu ++ (aq) + 5l~(aq) = 2CuI(s) + Ir(«?) 

c. mn 2 (s) + y 2 n,(g) = NHaW 

jjr «c 2 h b oh 

flH 2 o/c 2 H4 

K n — ftl3 

K _ Ac 2 h 6 oh 
Ah 2 o/?c 2 h 4 

2 5 

a Cu++^I- 

rr /nH, 

WlCu++»!l- 

K . _ P NH > 

MV 

c 


* Cul does not form solid solutions with any component present; therefore 
ocui = 1 and does not appear. 


The thermodynamic reaction equations are regarded as expressing 
the number of moles of the stated substances, that is, 2H 2 0 (l) signifies 
2 moles of water. Since the thermodynamic reaction equations specify 
both the amount and state of the reactants and products, one may 
speak of the thermodynamic properties of a reaction much the same as 
one speaks of the thermodynamic properties of a substance. 

For example, the entropy of reaction, AS, is the sum of the entropies 
of the products less the entropies of the reactants. Specifically, the 
entropy of reaction B is 


ASb = 2$cui + Sj; — 5Sj- — 2/Schj+f 
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Similarly, 

A C p = heat capacity of reaction 

A H = heat content of reaction (— AH = heat of reaction) 

A F = free energy of reaction 
AV = volume change of reaction 

These A quantities obey the same equations for their mutual relations 
as do H , F, S, V, and C p for single substances. 

Because H and F have no absolute, but only relative values, AH 
and A F cannot be computed from the properties of reactants and 
products until a standard state is established which includes chemical 
as well as physical factors. Fortunately such a standard may be 
obtained by arbitrarily taking H = F = 0 for the elements at 1 atm 
in their most stable state. The standard heat of formation, A H°, is 
the heat of formation of the substance in question from the elements. 
The standard free energy of formation is similarly defined. For 
example, reaction C is the reaction for formation of ammonia. Hence, 

AHnh 3 = A H c 
AFnh 3 = AF c 

From these standard quantities the change in heat content and free 
energy accompanying any reaction may be computed. For example, 
in case of reaction A, 

AH a = A//c 2 h 5 oh — AHc 2 h 4 — A#H 2 0 
AF a = AFc 2 h 6 oh — AFc 2 h 4 — AFh 2 o 

Heat of reaction: 

The heat liberated by spontaneous reaction at constant temperature 
and pressure is the decrease in heat content: 

Q r = AH = heat absorbed 
— Q b = heat of reaction 

Variation of heat of reaction with temperature: 

~ = AC„ = Aa + A bT - A cT* - ^ 

A H = AHo + /AC* dT 

= Atf„ + AaT + y T* - f T* + y 


(E-53) 

(E-54) 


Variation of free energy of reaction with temperature: 
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AF 

T 


d{AF/T) _ -AH 
dT T 2 


^ - Aaln T - ^ T + f T* - ^ + I 


(E-56) 

(E-57) 


where I is the constant of integration. 

Relation between the free energy and equilibrium constant: 


A F 
T 


R\nk 


(E-18) 



CHAPTER F 


PIPING, HYDRAULICS, AND FLOW MEASUREMENTS 

Here are presented data for sizing pipes, determining pressure drops, 
and for flow measurements. A number of excellent texts are available 
on these subjects. A few are listed below: 

Goldstein (editor), “Modern Developments in Fluid Dynamics,” Oxford, London, 
1938. 

Rouse, “Fluid Mechanics for Hydraulic Engineers,” McGraw-Hill Book Com¬ 
pany, Inc., New York, 1938. 

O’Brien and Hickox, “Applied Fluid Mechanics,” McGraw-Hill Book Company, 
Inc., New York, 1937. 

Vennard, “Elementary Fluid Mechanics,” John Wiley & Sons, Inc., New York. 
1940. 

Russell, “Textbook on Hydraulics,” 4th ed., Henry Holt and Company, Inc., 
New York, 1934. 

“Fluid Meters,” Part I, 4th ed., American Society of Mechanical Engineers, 
New York, 1937. 

Crocker, “Piping Handbook,” McGraw-Hill Book Company, Inc., New York, 
1945. 


1. Viscosity Data 

Viscosity data are presented as follows: 

Liquids. Table F-l and Fig. F-l 

Gases at atmospheric pressure. Table F-2 and Fig. F-2 

Steam. Table F-3 

Compressed gases. Fig. F-3 

Hydrocarbon liquids and vapors. Fig. F-4 

Figure F-3 is based on the reduced equation of state. It is in fair 
agreement with most available data but should not be used when direct 
measurements are available. The critical pressure and temperature 
must be known for use of this figure. Values for a few substances are 
given in Table E-2. 
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Temperature 
Deg.C. Deg.E 
200 ”>390 
190 '-370 

,80 :-!l8 

170 ” : 330 
160 - - 320 
“ 3I0 
150 " -300 

140 -. 

120 ~ ’ 250 
• - 240 
110 “■ 230 
■-220 
100 ~ - 210 

90-' 200 

90 ■ 190 

80 180 
. - 170 

70 - - 160 
■ - 150 

6C - - 140 
- 130 

50 - - 120 
■-110 

40 '-100 

30-’ In 
80 

20 -' 70 
60 

10 -■ 50 
-- 40 
°“- 30 
*- 20 
-°V .0 

-20 - " 0 
.--10 

-30 J- 28 


Viscosity 

Centipoises 



Fig. F-l.—Viscosities of liquids at one atmosphere. For coordinates, see Table F- 
C Ferry , “Chemical Engineers' Handbook2d ed., McGraw-Hill Book Company , In 
New York , 1941.) 




PIPING , HYDRAULICS, AND FLOW MEASUREMENTS 167 


Table F-l. Viscosities of Liquids. Coordinates for Fig. F-l 
(Perry, “Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, 

Inc., New York, 1941) 


No. 

Liquid 

X 

r 

No. 

Liquid 

X 

Y 

1 

Acetaldehyde 

15.2 

4.8 

56 

Freon-22 

17 2 

4 7 

2 

Acetic acid, 100 % 

12.1 

14.2 

57 

Freon-113 

12 5 

H 4 

3 

Acetic acid, 70 % 

9.5 

17.0 

58 

Glycerol, 100% 

2.0 

30.0 

4 

Acetic anhydride 

12.7 

12.8 

59 

Glycerol, 50 % 

6.9 

19 6 

5 

Acetone, 100% 

14.5 

7.2 

60 

Heptene 

14.1 

8.4 

6 

Acetone, 35% 

7.9 

15.0 

61 

Hexane 

14.7 

7.0 

7 

Allyl alcohol 

10.2 

14.3 

62 

Hydrochloric acid, 31.5% 

13.0 

16.6 

8 

Ammonia, 100% 

12.6 

2.0 

63 

Isobutyl alcohol 

7.1 

18.0 

9 

Ammonia, 26% 

10.1 

13.9 

64 

Isobutyric acid 

12.2 

14.4 

10 

Amyl acetate 

11.8 

12.5 

65 

Isopropyl alcohol 

8.2 

16.0 

11 

Amyl alcohol 

7.5 

18.4 

66 

Kerosene 

10.2 

16.9 

12 

Aniline 

8.1 

18.7 

67 

Linseed oil, raw 

7.5 

27.2 

13 

Anisole 

12.3 

13.5 

6t 

Mercury 

18.4 

16.4 

14 

Arsenic trichloride 

13.9 

14.5 

69 

Methanol, 100% 

12.4 

10.5 

15 

Benzene 

12.5 

10.9 

70 

Methanol, 90% 

12.3 

11.8 

16 

Brine, CaCL, 25 % 

6.6 

15.9 

71 

Methanol, 40% 

7.8 

15.5 

17 

Brine, NaCl, 25 % 

10.2 

16.6 

72 

Methyl acetate 

14.2 

8.2 

18 

Bromine 

14.2 

13.2 

73 

Methyl chloride 

15.0 

3.8 

19 

Bromotoluene 

20.0 

15.9 

74 

Methyl ethyl ketone 

13.9 

8.6 

20 

Butyl acetate 

12.3 

11.0 

75 

Naphthalene 

7.9 

18.1 

21 

Butyl alcohol 

8.6 

17.2 

76 

Nitric acid, 95 % 

12.8 

13.8 

22 

Butyric acid 

12.1 

15.3 

77 

Nitric acid, 60% 

10.8 

17.0 

23 

Carbon dioxide 

11.6 

0.3 

78 

Nitrobenzene 

10.6 

16.2 

24 

Carbon disulfide 

16.1 

7.5 

79 

Nitrotoluene 

11.0 

17.0 

25 

Carbon tetrachloride 

12.7 

13.1 

80 

Octane 

13.7 

10.0 

26 

Chlorobenzene 

12.3 

12.4 

81 

Octyl alcohol 

6.6 

21.1 

27 

Chloroform 

14.4 

10.2 

82 

Pentachloroethane 

10.9 

17.3 

28 

Chlorosulphonic acid 

11.2 

18.1 

83 

Pentane 

14.9 

5.2 

29 

Chlorotoluene, ortho 

13.0 

13.3 

84 

Phenol 

6.' 

20.8 

30 

Chlorotoluene, meta 

13.3 

12.5 

85 

Phosphorus tribromide 

13.8 

16.7 

31 

Chlorotoluene, para 

13.3 

12.5 

86 

Phosphorus trichloride 

16.2 

10.9 

32 

Cresol, meta 

2.5 

20.8 

87 

Propionic acid 

12.8 

13.8 

33 

Cyclohexanol 

2.9 

24.3 

88 

Propyl alcohol 

9.1 

16.5 

34 

Dibromoethane 

12.7 

15.8 

89 

Propyl bromide 

14.5 

9.6 

35 

Dichloroethane 

13.2 

12.2 

90 

Propyl chloride 

14.4 

7.5 

36 

Dichloromethane 

14.6 

8.9 

91 

Propyl iodide 

14.1 

11.6 

37 

Diethyl oxalate 

11.0 

16.4 

92 

Sodium 

16.4 

13.9 

38 

Dimethyl oxalate 

12.3 

15.8 

93 

Sodium hydroxide, 50 % 

3.2 

25.8 

39 

Diphenyl 

12.0 

18.3 

94 

Stannic chloride 

13.5 

12.8 

40 

Dipropyl oxalate 

10.3 

17.7 

95 

Sulphur dioxide 

15.2 

7.1 

41 

Ethyl acetate 

13.7 

9.1 

96 

Sulphuric acid, 110% 

7.2 

27.4 

42 

Ethyl alcohol, 100 % 

10.5 

13.8 

97 

Sulphuric acid, 98% 

7.0 

24.8 

43 

Ethyl alcohol, 95 % 

9.8 

14.3 

98 

Sulphuric acid, 60 % 

10.2 

21.3 

44 

Ethyl alcohol, 40 % 

6.5 

16.6 

99 

Sulphuryl chloride 

15.2 

12.4 

45 

Ethyl benzene 

13.2 

11.5 

100 

Tetrachloroethane 

11.9 

15.7 

46 

Ethyl bromide 

14.5 

8.1 

101 

Tetrachloroethylene 

14.2 

12.7 

47 

Ethyl chloride 

14.8 

6.0 

102 

Titanium tetrachloride 

14.4 

12.3 

48 

Ethyl ether 

14.5 

5.3 

103 

Toluene 

13.7 

10.4 

49 

Ethyl formate 

14.2 

8.4 

104 

Trichloroethylene 

14.8 

10.5 

50 

Ethyl iodide 

14.7 

10.3 

105 

Turpentine 

11.5 

14.9 

51 

Ethylene glycol 

6.0 

23.6 1 

106 

Vinyl acetate 

14.0 

8.8 

52 

Formic acid 

10.7 

15.8 I 

107 

Water 

10.2 

13.0 

53 

Freon-11 

14.4 

9.0 

108 

Xylene, ortho 

13.5 

12.1 

54 

Freon-12 

16.8 

5.6 

109 

Xylene, meta 

13.9 

10.6 

55 

Freon-21 

15.7 

7.5 1 

110 

Xylene, para 

13.9 

10.9 
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Tempercrture 
Deg.C. Deg.F. 



V/scosrty 

Cervnpolses 



0.1 

0.09 

0.08 

a07 

0.06 

0.05 

0.04 

0.03 


0.02 


0.01 

0.009 

0.008 

0.007 

0.006 

aoos 


Fig. F-2.—Viscosities of gases at one atmosphere. For coordinates, see Table F-2. 
(i Perry , “Chemical Engineers' Handbook," 2 d ed., McGraw-Hill Book Company, Inc., 
Nju> York , 1941.) 
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Table F-2. —Viscosities op Gases. Coordinates por Fio. F-2 
(Perry, “Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, 
Inc., New York, 1941) 


No. 

Gas 

X 

Y 

No. 

Gas 

X 

Y 

1 

Acetic acid 

7.7 

14.3 

29 

Freon-113 

11.3 

14.0 

2 

Acetone 

8.9 

13.0 

30 

Helium 

10.9 

20.5 

3 

Acetylene 

9.8 

14.9 

31 

Hexane 

8.6 

11.8 

4 

Air 

11.0 

20.0 

32 

Hydrogen 

11.2 

12.4 

5 

Ammonia 

8.4 

16.0 

33 

3Hi + INj 

11.2 

17.2 

6 

Argon 

10.5 

22.4 

34 

Hydrogen bromide 

8.8 

20.9 

7 

Benzene 

8.5 

13.2 

35 

Hydrogen chloride 

8.8 

18.7 

8 

Bromine 

8.9 

19.2 

36 

Hydrogen cyanide 

9.8 

14.9 

9 

Butene 

9.2 

13.7 

37 

Hydrogen iodide 

9.0 

21.3 

10 

Butylene 

8.9 

13.0 

38 

Hydrogen sulphide 

8.6 

18.0 

11 

Carbon dioxide 

9.5 

18.7 

39 

Iodine 

9.0 

18.4 

12 

Carbon disulfide 

8.0 

16.0 

40 

Mercury 

5.3 

22.9 

13 

Carbon monoxide 

11.0 

20.0 

41 

Methane 

9.9 

15.5 

14 

Chlorine 

9.0 

18.4 

42 

Methyl alcohol 

8.5 

15.6 

15 

Chloroform 

8.9 

15.7 

43 

Nitric oxide 

10.9 

20.5 

16 

Cyanogen 

9.2 

15.2 

44 

Nitrogen 

10.6 

20.0 

17 

Cyclohexane 

9.2 

12.0 

45 

Nitrosyl chloride 

8.0 

17.6 

18 

Ethane 

9.1 

14.5 

46 

Nitrous oxide 

8.8 

19.0 

19 

Ethyl acetate 

8.5 

13.2 

47 

Oxygen 

11.0 

21.3 

20 

Ethyl alcohol 

9.2 

14.2 

48 

Pentane 

7.0 

12.8 

21 

Ethyl chloride 

8.5 

15.6 

49 

Propane 

9.7 

12.9 

22 

Ethyl ether 

8.9 

13.0 

50 

Propyl alcohol 

8.4 

13.4 

23 

Ethylene 

9.5 

15.1 

51 

Propylene 

9.0 

13.8 

24 

Fluorine 

7.3 

23.8 

52 

Sulphur dioxide 

9.6 

17.0 

25 

Freon-11 

10.6 

15.1 

53 

Toluene 

8.6 

12.4 

26 

Freon-12 

11.1 

16.0 

54 

2,3,3-Trimethylbutane 

9.5 

10.5 

27 

Freon-21 

10.8 

15.3 

55 

Water 

8. ~ 

16.0 

28 

Freon-22 

10.1 

17.0 

56 

Xenon 

9.3 

23.0 


Table F-3.— Viscosity of Steam 

[Data of Hawkins, Solberg, and Potter, Trans . Am. Soc. Mech. Engrs 62, 677 

(1940)] 

Values in centipoise 


Temp. 

Pressure, lb force/sq in. abs 

°C 

°F 

100 

200 

400 

500 

600 

800 

204 

400 

0.0198 

0.0230 






500 

0.0213 

0.0236 

0.0272 

0.0289 

0.0311 


316 

600 

0.0228 

0.0246 

0.0279 

0.0294 

0.0314 

0.0350 

371 

700 

0.0243 

0.0259 

0.0290 

0.0304 

0.0321 

0.0357 

427 

800 

0.0260 

0.0275 

0.0304 

0.0318 

0.0334 

0.0370 

482 

900 

0.0278 

0.0292 

0.0320 

0.0335 

0.0352 

0.0390 

538 

1000 

0.0296 

0.0310 

0.0338 

0.0354 

0.0372 

0.0414 
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News, Technical Section, Oct. 4, 1944.) 
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Engineering," 2d ed., McGraw-Hill Book Company, Inc., New York, 1941.) 


2. Flow Measurements 

a. Basic Equations. —Bernoulli's theorem is a convenient starting 
point in the study of hydraulics. This theorem results from the 
application of the first law of thermodynamics to moving fluids, that 
is, from an energy balance for the liquid entering “the system at point 
1 ” and leaving at “ point 2." The theorem is stated below for 1 lb of 
flowing fluid and units of foot-pounds. 

JU t + p t Vt + ^ + Z 2 + JQ — w = JUi + p iVi + ^ + z i ( F_1 ) 
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where J = 778.1 ft-lb/Btu, the mechanical equivalent of heat 
g = 32.17 ft/sec 2 , the gravitational acceleration 
pi 9 p 2 = initial and final pressures, psf 
Viy V 2 = initial and final volumes, cu ft/lb 
Z i, Z 2 = initial and final heights, in feet above a datum plane, ft 
U i, U 2 = initial and final internal energy, Btu/lb 

Q = heat absorbed from surroundings, Btu/lb between points 
1 and 2 

w = net external work done by fluid traveling between points 
1 and 2 

Mi, = initial and final average velocities, fps 
Equation (F-l) is sufficiently general for treatment of almost any 
flow problem and may be greatly simplified for particular problems. 
We shall consider the case of horizontal flow of an incompressible fluid 
through a “perfect” orifice or venturi, that is, one in which friction is 
entirely negligible. Under these conditions, U 2 = U i, F 2 = Vi = V, 
Q = W 0, Z 2 = Z\y and Eq. (F-l) reduces to 


Pi “ P2 


^ 2 — u\ 
2gV 


(F-2) 


This equation may be used for computing the flow through orifices and 
nozzles by including an experimental factor, the coefficient of dis¬ 
charge. The velocities, of course, may be computed from the flows 
and diameters involved, and this computation may be incorporated 
into the equation. This has been done in the working equations in the 
next section. 

In the case of gases, correction for their expansion in flow through 
an orifice is necessary. From thermodynamic considerations it may 
be shown that the pressure-volume relation of a perfect gas in friction¬ 
less flow, when no work is done and no heat is lost or gained, is 

p 2 V<? = piVc 

where pi, p 2 = upstream and downstream pressures 

V\y V 2 = upstream and downstream specific volumes 

y = (for perfect gases) 

VJ) Op 


C p — specific heat at constant pressure 
C v = specific heat at constant volume 
R = perfect gas constant, 1.968 Btu/(lb mole)(°F) 

This may be introduced in Eq. (F-l), and the result leads to the 
theoretical value of the expansion factor given by Eq. (F-3). The 
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addition of this factor to flow equations for incompressible fluids makes 
the result applicable to gases. 


Y - J r ( l Z rn V 1 - A 4 \ 

2 yin \ 1 — r J\r 2n — f^r 2 ) 


(F-3) 


where Y 2 = expansion factor based on downstream pressure 

r = — 

V i 

pi, p 2 = upstream and downstream pressures 
C p — C v _ R _ 7 — 1 

Cp 


n = 


(for perfect gases) 


C p L! p y 

C v , = specific heats at constant pressure, volume 

C P 

y = c v 

R = gas constant 

/3 = ratio of orifice to pipe diameter 

It will be noted that the expansion factor Y 2} as given, is based on 
the downstream pressure. As this results in values near unity, the 
factor may be neglected entirely for most cases. Numerical values of 
Y 2 are given in Fig. F-5. The values given for nozzles and venturis are 
computed from Eq. (F-3). For sharp-edge orifices experimental 
values are given . 1 Borne workers prefer to use the upstream pressure 
as the basis for orifice calculations. If this is done, the expansion 
factors are different. 

b. Working Equations for Flow Calculations. 

Weight discharge for any fluid: 

W = 35 ?; 9 £ r ^ 2 = 358.9ifF 2 d 2 \/ph w 

Vl - 


358.9CT 2 d 2 


CYid 2 lh„ _ 

\v 


358.9 KY 2 d* 


jh w 

\7 


(F-4) 


Volume discharge of a liquid: 


m = 


44.75Cd 2 ft 


Vl 

5.667Cd 2 

Vi - /s 4 "V * 


= 44.75iCd 2 


^ = 5.667Kd 2 


lh U t 

V p 

Vt 


(F-5) 


1 “Fluid Meters,” Part I, 4th ed., American Society of Mechanical Engineers, 
New York, 1037. 
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Fig. F-5.—Expansion factors for gas flow through orifices, nozzles, and venturis. 


Volume flow of gases: 

"-vf^VS5" 128 ' 5W V3s < F - 6> 


where W = flow rate, lb/hr 
m = flow rate, gpm 

M = flow rate, SCF/min (1 SCF = cu ft of gas at 60°F and 
30 in. Hg.) 

C = coefficient of discharge (see Figs. F-6, F-8, and F-ll) 

= ratio of actual discharge to discharge of perfect orifice 
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K — — coefficient of discharge including velocity of 

approach (see Figs. F-7, F-9, and F-10) 

K = differential head, in. water (60°F) 



d = internal diameter of orifice, nozzle, or venturi, in. 

D = internal diameter of upstream pipe, in. 
p = fluid density, lb/cu ft (for gases, measured at T and p 2 ) 
T = absolute temperature, °R (upstream conditions) 

P 2 = absolute pressure, psi, at downstream tap 
s = specific gravity, referred to water at 60°F 


S = specific gravity of gas relative to air, 


molecular weight 
2&9 


V — specific volume, cu ft /lb, (for gases, measured at T and p 2 ) 
z = compressibility factor for gas, the ratio of actual to per¬ 
fect gas law volumes (see Figs. E-l to E-3) 

F 2 = expansion factor for gases based on downstream pressure 
(see Fig. F-5) 

These equations all give the differential head in terms of inches 
of water. For other manometer fluids, multiply the head by the 
specific gravity of the manometer liquid. Many meters use mercury 
as the manometer fluid but are calibrated in inches of water, or in 
square root of inches of water. Such readings may be used directly 
when metering gases without the use of a seal fluid. When a liquid is 
measured, a correction must be made for the density of fluid. This 
may be done by multiplying the recorded head by the factor 


13.6 - 5 
13.6 


where s is the specific gravity of the liquid and 13.6 is the specific 
gravity of mercury. In the case of gases that attack mercury a seal 
liquid is usually employed. The same factor may be used if the seal 
pots are large in diameter compared to the diameter of the mercury 
pots; otherwise a more complicated correction taking care of the 
change in level of the seal liquid in the seal pots must be made. 

Coefficients of discharge for use in these equations are given as 
follows: 


Venturi meters. 

I. S. A. nozzles. 

A. S. M. E. nozzles 
Sharp-edge orifices. 


Fig. F-6 
Fig. F-7 
Fig. F-8 

Figs. F-9 to F-ll 
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Reynolds Number 


Fig. F-6. —Discharge coefficients for Herschel’s design venturi tubes. New tubes 
with cast-iron body and bronze throat having a diameter ratio of 0.50. (Data from 

Fluid Meters, Part I. 4th ed.. Am. Soc. Mech. Eng., New York, 1937.) 



(3 - d/0 


Fiq. F-7.—Discharge coefficients for I. S. A. (German Standard) rounded entrance 
nossles. {Adapted by permission from “ Elementary Fluid Mechanics ” by J. K. Vennard, 
published by John Wiley Jt Sons, Inc., New York, 1940.) 
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Fig. F-8.—Tentative values of discharge coefficients of A.S.M.E. long-radius nozzles. 
(Fluid Meters, Part I, 4 th ed., Am. Soc. Mech. Eng., New York, 1937.) 



Fig. F-9.—Discharge coefficients including velocity of approach for sharp-edge 
orifices with flange taps. (Based on data from Fluid Meters, Part 1, 4 th ed., Am. Soc. 
Mech. Eng., New York, 1937.) 
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From these figures it will be noted that coefficients of discharge 
depend on the ratio of orifice to pipe diameter and on the Reynolds 
number. This number [defined by Eq. (F-10)] is basic to the friction 


Orifice equation: 

W= 358.9 KY 2 d 2 Vp"h^ 



< 

* 4 - 

O 

±1 

o 

o 

$ 
cr 
c 


p- 0.59 
0.60 
|- 0 . 6 . 
E- 0.62 
0.63 
0.64 
r0.65 

r- 0.66 
0.67 
r0.68 
E-0.69 
0.70 
r-0.71 
E~ 0.72 
h 0.73 
E-0.74 
ho. 75 


£ 1-0.76 


W= Fluid flow, lb./hr. 

K = Value from this chart 
d = Diameter of orifice/in. 

D = Interna! diameter of pipe,in 
Y z s Expansion factor for gases £ 

see Fig. F-5 ° 

= 1 for liquids 

Density, lb./cu.ft Cat downstream 
pressure for gases) 
h w = Differential head,in. of water 

M = Viscosity, centipoise 

Fig. F-10.—Discharge coefficients including velocity of approach for sharp-edge 
orifices using flange taps. ( Based on data from Fluid Meters, Part 1 , 4 th ed., Am. Soc 
Mech. Eng ., New York, 1937.) 


E— 0.77 
E-0.78 
^ 0.79 
0.80 



Fig. F-ll.—Coefficients of sharp-edge orifices. Applicable to flange or vena contracta 
taps. [Tuve and Sprenkle, Instruments 6, 201 (1933).] 
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accompanying flow and will be discussed in the next section. In the 
case of sharp-edge orifices two sets of data are given. Figures F-t • and 
F-10 cover the usual range; Fig. F-ll covers the range of low Reynolds 
numbers which are encountered in metering viscous liquids. 

In theory, it would be desirable to correct every single measure¬ 
ment for the Reynolds number at that flow. Practically, such refine¬ 
ment is not desirable, as a constant factor corresponding to average 
values of Reynolds number may be employed for the relatively narrow 
range of a flow meter without real loss of accuracy. To illustrate the 
use of these working equations Example F-l is presented. 


Example F-l. Size an orifice and compute the meter coefficient for flow 
of 1,000 SCF/min of carbon dioxide in an 8-in. pipe at a temperature of 90°F 
and a pressure of 10 psig. Assume that a 50-in. meter is to be used and that 
the meter gives satisfactory accuracy down to a head of 10 in. of water. 
Solution : 

1. Size of orifice, 

M = 128.5 KY& Eq. (F-6) 

where M — 1,000 SCF/min 

KY 2 = 0.62 (trial assumption) 

T = 90 + 460 = 550°R 

S = ^ = 1. 51 9 

(44 = molecular weight of C0 2 ) 
h w = 25 in. of water of head at full scale) 
p 2 = 10 + 14.7 - %X 0.434 = 24.7 - 0.9 = 23.8 psi 
z = 0.97 (from Fig. E-l) 


1,000 = 128.5 X 0.62d 

d2 =S = 14 - 66 


p yjo. 


23.8 X 25 _ /.-r^TT 

.97 X 550 X 1.519 79 ' 7 i VO.734 


d = 3.83 in., say 3% as a tentative value 

(subject to change if assumed value of KY 2 is in error) 
2. Meter coefficient, 

Approximate mass flow. 


W = 1 ’^ 3 > 79 ~ 44 = 116 lb/min or 7,000 lb/hr (round value! 

(1 mole = 378.7 SCF) 

Viscosity = 0.015 centipoise, from Fig. F-2 
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Reynolds number, 

Orifice coefficient, 

Expansion ratio, 
Specific heat, 


* = 6J ^ = oSxll = WOO [Eq. (F-10)] 


dfj. 


Q d 3.875 A 
ft = D = 1M - °- 48 
K = 0.620, from Fig. F-10 


£2 _ 23JS 

Pi - 24.7 


= 0.964 


C p — 9.0 Btu/(lb mole)(°F) 


7 = 


9.0 


9.0 

R “ 9.0 - 1.986 “ 7.01 


(Fig. E-5) 
= 1.29 


Expansion factor, 


7 = 1.3, 


1.006 


(Fig. F-5) 


Flow equation, 


M = 12S.5KY 2 d 2 

= 128.5 X 0.620 X 1.006 X (3.S75) 2 \[ Z ~ 

'0.97 X 1.5197' 

= 989 


(This equation may be used for all further calculations for this installation as 
the factors KY 2 and z do not vary much within the range of the meter.) 

3. Check on orifice size, 

Maximum meter reading, h w = 50 

M = 989 - v / 23 - 6 x 50 
v 550 

= 1,450 SCF/min 

Minimum meter reading for good accuracy, h w = 10 

M = 648 SCF/min 

This justifies the choice of orifice size as the normal reading is well within the 
useful range. 

Discussion : This example is considerably more detailed than is frequently 
necessary. Some instrument companies recommend coefficients dependent 
only on the diameter ratio, /3, and whether the fluid metered is a liquid or a gas. 
Since fluids are bought and sold on the basis of these factors, it may be appre¬ 
ciated that only a moderate error is introduced. 
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c. Accuracy of Measurements. —The coefficients given for venturis 
and nozzles are based on data accurate to 1 per cent. The accuracy 
of the coefficients for sharp-edge orifices, as read in Figs. F-9 and F-10, 
are better than 1 per cent for all but a small portion of the range. The 
maximum error is probably no more than 1.3 per cent for extreme 
values of Reynolds numbers. The coefficients presented in Fig. F-ll 
are stated to be accurate to 1.5 per cent. For more detailed informa¬ 
tion on accuracy, the reader is referred to the references accompanying 
the figures. It should be noted that these accuracies make no allow¬ 
ance for added error introduced by the measuring instrument. The 
accuracies quoted by instrument companies usually refer to full-scale 
reading where error is at a minimum. Taking account of inevitable 
minor imperfections of commercial installations and inaccuracy of the 
metering instrument, over-all accuracies may be expected to be in the 
range of 2 to 3 per cent. In any event, careful installations are essen¬ 
tial, and the directions of instrument companies or standard texts 
should be followed closely to avoid large errors. 

d. Other Methods of Flow Measurement. —Formerly a scientific 
curiosity, the rotometer has become a popular method of flow measure¬ 
ment. It presents the advantage of visibility so that fouling is at once 
detected and corrected before causing large error. Further, rotometers 
permit accurate measurement over a wide range; and scales of infinite 
variety may be obtained for special uses. They are particularly 
advantageous for liquids, since a proper choice of float makes meter 
reading directly proportional to the weight flow without correction for 
density or viscosity. The large variety of rotometers prevents giving 
coefficients here, but such information is readily available from the 
manufacturer. The theory of rotometer is presented by Schoenborn 
and Colburn 1 and, to some extent, in standard texts. 

The flow of liquids from an open channel over, or through, a wide 
variety of dams, notches, or other openings has been studied. Here 
will be given equations for sharp-edge rectangular and triangular weirs 
where the velocity of liquid approaching the weir is low. For rec¬ 
tangular weirs with vertical sides and one edge horizontal the Francis 
formula is usually employed: 

m = 3.0 (L + 0.2 h)h h (F-7) 

where m = flow, gpm 

L = length of crest, in. 
h = head of liquid, in. 

= difference in level of body of liquid and bottom of weir 
1 Trans. Am. Inst. Chem. Enqrs.. 35, 359 (1939). 
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According to Perry 1 this equation is accurate 3 per cent or less when 

1. L is greater than 2 h, 

2. Height of crest above the bottom of upstream channel is at least 
3h, 

3. Velocity of approach is 1 fps or less, 

4. h is not less than 3.6 in. 

For triangular 7-notch weirs cut with the vertex downward Greve 2 
gives 



where w = flow, lb/hr 

L = breadth of notch at top, in. 

H = height of notch, in. 
h = head of liquid, in. 

This equation is accurate for water. For other liquids Perry 3 suggests 
multiplying the flow [computed by Eq. (F-8)] by the factor 



0.02 


where p = viscosity, centipoise 

s = specific gravity referred to water at 60°F 

When large pressure drops are available, the phenomenon of 
“unrestricted flow” is useful for measuring the flow of gases. If the 
pressure drop through a nozzle is great enough so that the ratio of 
downstream to upstream pressures (absolute units) is below a critical 
value (about one-half for most gases), then the flow becomes propor¬ 
tional to the upstream pressure only, entirely independent of the down¬ 
stream pressure. Thus a pressure gauge and a nozzle may serve as a 
flow meter. Coefficients of discharge in this type of service are 
slightly higher than for the usual “restricted” flow. Very much the 
same phenomenon occurs for sharp-edge orifices, but the coefficients 
of discharge are not well known. 

Positive-displacement meters are in wide use for metering fluids 
but require no particular discussion since they are customarily cali¬ 
brated to read the volume flow directly. The volume measured is, of 
course, that under the conditions prevailing at the meter; if the volume 
of the fluid is desired at other temperatures and pressures, a correction 
must be made. 


1 Perry, “Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Com¬ 
pany, Inc., New York, 1941. 

2 Eng. News-Record , 105, 166 (1930). 

3 Perry, op. cit. 
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3. Pressure Drops in Pipes 

a. General Notes. —Piping usually represents a very important 
fraction of the cost of constructing a chemical plant. Consequently 
the proper selection of pipe sizes is important. Usually it is necessary 
to make a preliminary guess as to the proper size and estimate the 
resulting pressure drop, before adopting the final size of the line in 
question. Figure F-15 and Table F-5, given under special methods, 
will be found useful for making preliminary guesses. This section 
presents, first, the general method of estimating pressure drops, fol¬ 
lowed by special methods which are less time-consuming. 

The problem of estimating pressure drops is complicated by the 
existence of two types of fluid flow: laminar (also called “streamline” 
or “viscous”) and turbulent. Laminar flow is characteristic of low 
velocities, and its nature may be likened to the orderly march of 
soldiers. Turbulent flow resembles herding of sheep and occurs at 
higher velocities. Most commercial piping is designed for high veloci¬ 
ties in the turbulent range unless viscous materials are being handled. 

b. Laminar Flow and the Reynolds Number.—The pressure drop 
through straight pipe arises almost entirely from friction since velocity 
is constant. Since the pipe walls are dense compared to fluids, it 
would be expected that friction between the walls and the liquid in 
immediate contact would be somewhat larger than between two layers 
of liquid. This is usually the case and, consequently, even though the 
fluid may be moving at high velocity in the center of the tube, the 
liquid very near the walls will be nearly stationary. If one carries 
this to the extreme, the molecules in direct contact with the walls may 
best be regarded as at rest. The measure of friction between liquid 
layers is the viscosity. One unit of viscosity, the poise, is defined 
as the force in dynes required to maintain a centimeter per second 
velocity difference between adjacent liquid “films” of 1 sq cm area. 
This definition is highly theoretical and does not at once present a 
clear picture of the property. Nevertheless, using this “definition” 
and the idea that the molecules in contact with the pipe are stationary, 
one may set up a differential equation for laminar flow. This may be 
integrated to obtain Eq. (F-9). This is called the “Poiseuille equa¬ 
tion” and is the basis for the Ostwald type of viscometer. Equation 
(F-9) may, therefore, be regarded as a practical definition of viscosity. 
Conversely, given the viscosity of a fluid, the equation may be used to 
predict the pressure drops for laminar flow. 


4 0.000034LmTF 0.0002732^7 

Ap - & — = — & 


(F-9) 
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where Ap = pressure drop, psi 
L = length of pipe, ft 
q = flow, gpm 
W = flow, Ib/hr 
p = fluid density, lb/cu ft 
d = inside diameter of pipe, in. 
p = fluid viscosity, centipoise 

The transition from laminar to turbulent flow is complex. Never¬ 
theless, the more important factors are adequately covered by the 
Reynolds number. This number is a dimensionless quantity; that is, 
its value is the same when calculated from any consistent set of units 
whether based on pounds, seconds, and feet, or on grams, seconds, and 
centimeters. Equation (F-10) defines Reynolds number in terms of a 
variety of convenient though inconsistent units. 


D e up _ 124 d e up _ 50.7rap _ 6.32 W 

Pc p dp dp 


(F-10) 


where K = Reynolds number 

D e = equivalent diameter, ft = inside diameter if circular 

= 4 X - - ^ ga , - (see Table F-4) 
perimeter v ' 

d e = equivalent diameter, in. 

d = diameter of circular pipe, in. 

u = average velocity, fps 

p e = viscosity, lb/(ft) (sec) 

p = viscosity, centipoise 

m = flow, gpm 

W = flow, lb/hr 

p =■ density, lb/cu ft 

As a rule, flow will be laminar when R is below 1,200, and turbulent 
when above 2,300. Under special conditions, as in curved pipes, 
laminar flow may occur above values of 2,300. A good working rule is 
to take 2,000 as the dividing line, remembering that the pressure drop 
computed will be uncertain for values of Reynolds number between 
1,200 and 2,300. The magnitude of the uncertainty may be found 
computing the flow both ways. In the rare instances that this uncer¬ 
tainty is important, texts on hydraulics should be consulted. 

As noted under Eq. (F-10), the equivalent diameter is employed 
for computing the Reynolds number when the cross section is not 
circular. This is defined as four times the ratio of cross-sectional area 
of flowing fluid to the wetted perimeter of the channel. The equivalent 
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diameter is four times the hydraulic radius. Table F-4 gives the 
equivalent diameters for several shapes. 


Table F-4. —Values of Equivalent Diameters for Several Cross Sections 

Equivalent diameter = i_X ^ section 
wetted perimeter 


Shape of Cross Section Equivalent Diameter 

Pipes and ducts running full: 

Circle diameter = Z>. D 

Annulus, inner diameter = d , outer = D . D — d 

Square, side = D ... . . D 

Rectangle, sides = a, b . 

(l *T 0 


Open channels or partly filled ducts: 
Rectangle, depth = D, width = W ... 
Semicircle, free surface on diameter D 


4 WI) 
W + 2 1 ) 
D 


c. General Method—Turbulent Flow.—The pressure drop pro¬ 
duced by turbulent flow of fluids is readily calculated by the Fanning 
equation which is given below in several forms: 


_ fLG 2 _ fLu*p _ fLW 2 _ fLm 2 p 
P 193 P d 193d 74,000pd* 155d 5 


(F-ll) 


where Ap = pressure drop, psi 

/ = Fanning friction factors (see Figs. F-12 to F-14) 

L = length of pipe, ft 
G = mass velocity, lb/(sq ft) (sec) 
p = fluid density, lb/cu ft 
p' = fluid density, lb/gal 
d = inside diameter of pipe, in. 
u = average linear velocity, fps 
W = flow, lb/hr 
m = flow, gpm 

This equation gives reliable results for all liquids, including thin 
slurries, but fails for thick slurries and for semiplastic materials. It 
may be applied to gases but will be accurate only if Ap is less than 
10 per cent of the downstream pressure. However, if average values 
of the density are used, the equation then gives accurate results when 
Ap is up to 40 per cent of the downstream pressure. 

Numerical values of the friction factor for use in Eq. (F-ll) are 
given in Figs. F-12 to F-14. These figures were constructed almost 
entirely from data of Pigott and Kemler 1 though factors suggested by 

1 Mech. Eng., 55 , 497 (1933); Trans. Am, Soc . Mech, Engrs., 55 , HYD 55-2 
(1938), 
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10,000,000 -q 
8 = 
6 - 

4 - 


2d 


1,000,000 H 

8 

6 

4 


2 d 


100,000 
8 H 
6 

4 


2 -3 


10,000 -zj 
8 
6 -E 

4 - 


2 d 


TSl 3* 


_D 

E 

3 

Z 


o 


Ap 

f 

L 


1,000 - 1 



Fanning equation: 

f LG 2 . fL 
A P = 193 *>d 

= Pressure drop, Ib./sq.in. 

= Friction factor 
= Length,ft. 

= Average velocity,ft. /sec. 

= Mass velocity, lb./sec."sq. ft. 

= Density, Ib./cu.ft. 

= Diameter or equivalent diametegin. 
= Viscosity, lb./ft.-sec. 


0.0025 


Type B~ Clean steel and wrought- iron pipe 
Type C- Galvanized pipe 


*— 0.002 


Fig. F-12.—Friction factors for pipe, Types B and C. 


Drew, Koo, and McAdams 1 on smooth tubes were taken into 
consideration. 

1 Trans. Am, Inst. Chcm. Engrs.j 28, 56 (1933). 
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10,000,000 -q 
8 - 
6 ~ 


2 i 

1,000,000 - 
8 = 
6 j 

4 - 


100,000 - 
8 - 
6 -E 

4 - 


2 -E 

10,000 - 
8 = 
6 ■= 

4 

2 ■: 
1,000 “ 


Type A- Smooth Pipes: Drown Tubing, 
Tin, Lead, and Glass Pipe 
Type F- First Class Brick, Heavy 
Riveted and Spiral 
Riveted Ducts 


0 I — 


Ckl 


Q> 

ja 

E 

3 

z 

«/> 

o 

c 

>- 

0> 

Ckl 


Ap 



Fanning Equation: 
f L6 2 _ f L u z p 
19 3pd = "793 d 


Ap = Pressure drop, Ib.persq. in. 
f = Friction factor 
L = Length, ft. 

u = Average velocity, ft. per sec. 

G = Mass velocity, lb. per sec.-sq.ft, 
p = Density, lb. per cu ft. 
d = diameter or equivalent diameter^ in. 
p = Viscosity, lb. per ft. -sec. 


?F 


E- 0-003 


h 0.0025 


L- 0.002 


Fig. F-13.—Friction factors for pipe, Types A and F. 
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10,000,000 q 
8 - 
6 2 
4 ~ 

2 “ 

1 ; OOQOOO— 
8 - 

6 2 

4 i 

2 i 

100,000 - 

8 - 

6 2 

4 

2 -i 


10,000 - 
8 - 
6 j 

4 - 


2 H 


1,000 - 1 


Type D" Best cast iron pipe, cement, 
and light riveted sheet ducts 

Type E “ Average cast iron pipes and 
rough formed concrete ducts 


-oi ^ 

II 

Ol 

t- 

<u 

X> 

E 

D 

2 

10 

2 

O 

c 

QJ 

Ckl 



Fanning equation 

f Lu z p fLG 2 
4f3= 193d = 193pd 

Ap= Pressure drop, Ib./sq.in. 
f = Friction factor 
L - Length, ft. 

u = Average velocity, ft./sec. 

G = Mass velocity, Ib/sec.-sq.ft, 
d = Diameter or equivalent diameter, in. 
p = Density, Lb./cu. ft. 
ju = Viscosity, Lb./ft.-sec. 


Fig. F-14.—Friction factors for pipe, Types D and E. 


CP 

C 

*E 

c 

o 

Ll_ 


tr 0.005 


-0.004 

-0.0035 

z~ 0.003 

-0.0025 


*- 0.002 


d. Special Methods.—The main use of pressure-drop data is selec¬ 
tion of the most economic pipe size. Such a choice is dependent on a 
number of factors, particularly on the relative costs of piping and 
power. Figure F-15 permits a preliminary choice of pipe size. This 
chart is based on relative costs typical of the Atlantic seaboard before 
the war. The basic equation for this chart is given by Drew and 
Genereaux 1 and the reader may prepare similar charts based on costs 
and depreciation rates typical of his own cost studies. Usually it 
will be found that pipe sizes, as read by this chart, may be multiplied 
1 Perry, op. tit. 
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by a constant correction factor to secure a result corrected for revised 
factors. Table F-5 gives typical fluid velocities used in service. 


Weight flow, 
thousands of 
pounds mass 
per hour 
w 

1000 


7 500 

- 200 
=“ 100 
E 50 
- 20 
ET 10 

E 5 

— 2 

E °- 5 
- 0.2 
=- 0.1 
=r 0.05 

- 002 
=- 0.01 
E 0.005 

- 0.002 
— Q001 


Economic 

diameter 

inches 

Di 


h * 

I 

r 0-5 

- 0.2 

0.1 


Fluid density, 
pounds mass 
per cu ft. 

<* 

0.0001 


7 0.0002 
E 0.0005 


i 

— 0.001 

100 

7 0.002 

50 

E 0.005 


=-0.01 

20 

7 0.02 

10 

E 0.05 

5 

=-0.1 


r 0.2 
E 0.5 

- I 

7 2 

E 5 
=- 10 
20 

50 

r ioo 
200 


Fig. F-15.—Economic pipe diameters. (Perry, “Chemical Engineers' Handbook 
# ed., McGraw-Hill Book Company , /nc., AT ew For A:, 1941.) 


Tables F-6 to F-15 give the pressure drop in feet of liquid per 
1,000 ft of pipe, based on clean steel pipe. The pressure drop in 
pounds per square inch may be obtained by the following factors: 

Ap = 0.433sA = y |4 = 19.25 

where A p = pressure drop, psi/1,000 ft 
s = specific gravity, 60/60 
/>, p f — liquid density, lb/cu ft, lb/gal 
h = feet of liquid, values given in tables 
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Table F-5.—Reasonable Velocities of Steam and Water in Power-plant 
Piping Where Actual Pressure Drops Are Not Computed 
(Sabin Crocker, “ Piping Handbook,” 4th ed., McGraw-Hill Book Company, Inc., 

New York, 1945) 


Fluid 

Pressure, 

psig 

Use 

Reasonable 
velocity, fpm 

Water. 

25-40 

City water. 

120-300 

Water. 

50-150 

General service. 

300-600 

Water. 

150 up 

Boiler feed. 

600 

Saturated steam.... 

0-15 

Heating. 

4,000-6,000 

Saturated steam.... 

50 up 

Miscellaneous. 

6,000-10,000 

Superheated steam.. 

200 up 

Large turbine and boiler leads. . . 

10,000-15,000 


Table F-6.— Friction Losses in Pipe; 1 in. (1.049 in. ID); Loss in Feet of 
Liquid per 1,000 ft of Pipe 

(Reprinted from “Cameron Hydraulic Data,” 11th ed., 1942, by permission of 
Ingersoll-Rand Company) 


Flow 

Kinematic viscosity, centistokes 

U.S. 

gpm 

Bbl/hr 
(42 gal) 

0.6 

1.1 

2.1 

2.7 

4.3 

7.4 

10.3 

13.1 

15.7 

20.6 

Approx. SSU viscosity 


31.5 

33 

35 

40 

50 

60 

70 

80 

100 

0.5 

0.71 

0.07 

0.28 

0.55 

0.70 

1.12 

1.93 

2 68 

3.41 

4.08 

5.35 

1 

1.4 

1.00 

1.13 

1.09 

1.41 

2.24 

3.86 

5.36 

6.82 

8.16 

10.7 

2 

2.9 

3.60 

4.02 

4.70 

4.7 

4.48 

7.72 

10.7 

13.6 

16.3 

21.4 

3 

4.3 

7.50 

8.16 

9.48 

10.2 

10.6 

11.6 

16.1 

20.5 

24.5 

32.1 

4 

5.7 

12.5 

14.1 

15.7 

16.5 

18.1 

15.4 

21.5 

27.3 

32.6 

42.8 

5 

7.1 

18.9 

21.4 

23.2 

24.8 

26.5 

19.3 

26.8 

34.1 

40.8 

53.5 

6 

8.6 

25.7 

29.1 

32.6 

34.5 

37.8 

41.3 

32.2 

40.9 

49.0 

64.2 

7 

10 

34.9 

38.5 

43.3 

45.6 

49.5 

55.3 

37.5 

47.7 

57.2 

74.9 

8 

11.4 

44.5 

50.2 

55.2 

58.3 

63.5 

70.3 

74.2 

54.5 

65.2 

85.6 

9 

12.9 

55.6 

61.6 

68.6 

70.7 

78.6 

87.3 

92.0 

61.4 

73.4 

96.3 

10 

14.3 

69.0 

74.8 

83.6 

87.4 

95.0 

106 

111 

118 

81.6 

107 

12 

17.1 

94.6 

103 

117 

121 

133 

144 

158 

166 

170 

129 

14 

20.0 

127 

138 

154 

161 

175 

194 

208 

218 

225 

150 

16 

22.8 

163 

176 

196 

205 

223 

247 

264 

277 

285 

, ,j 

18 

25.7 

203 

220 

242 

254 

277 


326 

340 


RZ 

20 

28.6 

247 

265 

294 


335 

370 

392 

412 

423 

448 

25 

35.7 

374 

410 

442 

463 

■ 

552 

597 

619 

638 

676 

30 

42.9 

530 

575 

618 

644 

698 

775 

820 

865 

886 

936 

35 

50.0 

703 

755 

822 

858 

925 
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Table F-6. —Friction Losses in Pipe; 1 In. (1.049 in. ID); Loss in Feet of 
Liquid per 1,000 ft of Pipe (Continued) 


Flow 

Kinematic viscosity, centistokes 

U.S. 

gpm 

Bbl/hr 
(42 gal) 

26.4 

32.0 

43.2 

65.0 | 

1 

108.4 

162.3 

216.5 

325 

435 

650 

Approx. SSU viscosity 

125 

150 

200 

300 

500 

750 

1,000 

1,500 

2,000 

3,000 

0.1 

0.14 

1.37 

1.66 

2.25 

3.38 

5.65 

8.45 

11.3 

16.9 

22.6 

33.8 

0.3 

0.43 

4.12 

4.98 

6.75 

10.1 

17.0 

25.3 

33.8 

50.7 

67.8 

102 

0.5 

0.71 

6.86 

8.32 

11.3 

16.9 

28.3 

42.3 

56.4 

85 

113 

169 

1 

1.4 

13.7 

16.6 

22.5 

33.8 

56.5 

84.5 

113 

169 

226 

338 

2 

2.9 

27.5 

33.2 

45.0 

67.6 

113 

169 

226 

338 

452 

676 

3 

4.3 

41.2 

49.8 

67.5 

102 

170 

253 

338 

507 

678 


4 

5.7 

55.0 

66.5 

90.0 

136 

226 

338 

452 

677 

904 


5 

7.1 

68.7 

83.2 

113 

169 

283 

423 

564 

846 



6 

8.6 

82.4 

99.7 

135 

203 

339 

507 

677 




7 

10 

96.2 

117 

158 

237 

395 

591 

790 




8 

11.4 

110 

133 

180 

271 

452 

676 

903 




9 

12.9 

124 

150 

203 

303 

508 

760 





10 

14.3 

137 

167 

225 

338 

565 

845 





12 

17.1 

165 

200 

270 

406 

678 






14 

20.0 

192 

233 

315 

474 

792 


1 




16 

22.8 

220 

266 

360 

541 

904 






18 

25.7 

248 

299 

405 

609 







20 

28.6 

470 

332 

450 

677 
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Table F-7.—Friction Losses in Pipe; 2 in. (2.067 in. ID); Loss in Feet of 
Liquid per 1,000 ft of Pipe 

(Reprinted from “Cameron Hydraulic Data/’ 11th ed., 1942, by permission of 
Ingersoll-Rand Company) 
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Table F-7. —Friction Losses in Pipe; 2 in. (2.067 in. ID); Loss in Feet op 
Liquid per 1.000 ft of Pipe ( Continued) 


Flow 

Kinematic viscosity, centistokes 

U.S. 

gpm 

Bbl/hr 
(42 gal) 

26.4 

32.0 

43.2 

65.0 

108.4 

162.3 

216.5 

325 

435 

650 

Approx. SSU viscosity 

125 

150 

200 

300 

500 

750 

1,000 

1,500 

2,000 

3,000 

1 

1.4 

0.91 

1.10 

1.49 

2.24 

3.74 

5.60 

7.48 

11.2 

15.0 

22.4 

2 

2.9 

1.82 

2.21 

2.98 

4.48 

7.49 

11.2 

15.0 

22.4 

30.0 

44.9 

3 

4.3 

2.73 

3.31 

4.47 

6.73 

11.2 

16.8 

22.4 

33.6 

45.0 

67.4 

4 

5.7 

3.64 

4.42 

5.96 

8.98 

15.0 

22.4 

29.9 

44.8 

60.0 

89.9 

5 

7.1 

4.56 

5.52 

7.45 

11.2 

18.7 

28.0 

37.4 

56.0 

75.0 

112 

6 

8.6 

5.47 

6.63 

8.95 

13.5 

22.5 

33.6 

44.8 

67.2 

90.0 

135 

7 

10.0 

6.38 

7.73 

10.4 

15.7 

26.2 

39.2 

52.3 

78.4 

105 

157 

8 

11.4 

7.29 

8.84 

11.9 

18.0 

30.0 

44.8 

59.8 

89.6 

120 

180 

9 

12.9 

8.20 

9.94 

13.4 

20.2 

33.7 

50.4 

67.3 

101 

135 

202 

10 

14.3 

9.11 

11.0 

14.9 

22.4 

37.4 

56.0 

74.8 

112 

150 

224 

12 

17.1 

10.9 

13.3 

17.9 

26.9 

44.9 

67.3 

89.7 

135 

180 

269 

14 

20.0 

12.7 

15.5 

20.9 

31.4 

52.4 

78.4 

105 

157 

210 

314 

16 

22.8 

14.6 

17.7 

23.9 

35.9 

59.9 

89.6 

120 

179 

240 

359 

18 

25.7 

16.4 

19.9 

26.8 

40.3 

67.4 

101 

135 

202 

270 

404 

20 

28.6 

18.2 

22.1 

29.8 

44.9 

74.9 

112 

150 

224 

300 

449 

25 

35.7 

22.8 

27.6 

37.3 

56.1 

93.6 

140 

187 

280 

375 

562 

30 

42.9 

27.3 

33.1 

44.7 

67.3 

112 

168 

224 

336 

450 

674 

35 

50.0 

31.9 

38.7 

52.2 

78.5 

131 

196 

262 

392 

525 

786 

40 

57.1 

50.9 

44.2 

59.6 

89.8 

150 

224 

299 

448 

600 

899 

45 

64.3 

70.7 

80.4 

67.1 

101 

168 

252 

336 

504 

675 


50 

71.4 

92.5 

96.7 

74.5 

112 

187 

280 

374 

560 

750 


60 

85.7 

128 

133 

143 

135 

225 

336 

448 

672 

900 


70 

100 

168 

175 

188 

157 

262 

392 

523 

784 



80 

114 

215 

224 

239 

180 

300 

448 

598 

896 



90 

129 

264 

275 

294 

321 

337 

504 

673 




100 

143 

320 

332 

354 

390 

374 

560 

748 




110 

157 

380 

395 

420 

460 

412 

617 

823 




120 

171 

445 

462 

490 

536 

449 

673 

898 




130 

186 

512 

529 

566 

615 

487 

728 





140 

200 

582 

608 

648 

701 

524 

784 





150 

214 

661 

681 

729 

795 

892 

840 





160 

228 

744 

769 

818 

895 

995 

896 





170 

243 

825 

858 

915 



952 





180 

257 

910 

953 








190 

271 

999 
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Table F-8.— Function Losses in Pipes; 3 in. (3.068 in. ID); Loss in Feet of 
Liquid per 1,000 ft of Pipe 

(Reprinted from “ Cameron Hydraulic Data,” 11th ed., 1942, by permission of 
Ingersoll-Rand Company) 
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Table F-8.—Friction Losses in Pipes; 3 in. (3.068 in. ID); Loss in Feet op 
Liquid per 1,000 ft of Pipe (i Continued) 


Kinematic viscosity, centistokes 


26.4 32.0 43.2 65.0 108.4 162.3 216.5 325 435 650 


Approx. SSU viscosity 


125 150 200 300 500 750 1,000 1,500 2,000 3,000 


0 . 

75 

0 . 

91 

1.23 

1.85 

3. 

08 

4. 

62 

6. 

16 

9. 

25 

1 . 

13 

1 . 

.37 

1.84 

2.77 

4. 

62 

6. 

92 

9. 

.24 

13. 

9 

1 . 

50 

1 . 

.82 

2.45 

3.70 

6. 

16 

9. 

23 

12. 

.3 

j 18. 

5 

1 . 

88 

2. 

,28 

3.06 

4.62 

7. 

70 

11. 

5 

15, 

.4 

23 

.1 

2. 

25 

2, 

.73 

3.68 

5.55 

9, 

,24 

13. 

,8 

18 

.5 

27, 

.7 

2. 

63 

3, 

.18 

4.29 

6.47 

10. 

8 

16. 

2 

i 

21 

.5 

32 

3 

3. 

00 

3 

.64 

4.90 

7.39 

12. 

3 

18, 

.5 

24 

.6 

37 

.0 

3. 

38 

4 

.09 

5.52 

8.31 

13. 

,9 

20. 

.8 

27 

.7 

41 

.6 

3. 

76 

4, 

.55 

6.13 

9.24 

15. 

,4 

23. 

,1 

30 

.8 

46, 

.2 

4. 

69 

5 

.69 

7.67 

11.5 

19. 

3 

28. 

.8 

38 

.5 

57 

.7 

5. 

63 

6, 

.83 

9.20 

13.9 

23. 

1 

34. 

,6 

46. 

.2 

69. 

.3 

6. 

57 

7 

.97 

10.7 

16.2 

27. 

0 

40. 

3 

53 

.8 

80. 

.9 

7. 

.51 

9 

.10 

12.3 

18.5 

30. 

8 

46. 

2 

61. 

.6 

92. 

5 

9. 

39 

11 

.4 

15.3 

23.1 

38. 

5 

57. 

7 

77. 

0 

115 


19 

.5 

13 

.7 

1 18.4 

j| 

27.7 

46. 

2 

69. 

2 

92. 

.4 

139 


25 

.4 

26 

■ 5 

1 

21.5 

32.3 

53. 

9 

80. 

8 

108 


162 


32 

.3 

33 

.8 

24.7 

37.0 

61. 

6 

92. 

3 

123 


1185 



40.0 41.7 44.6 

48.2 50.3 53.7 

66.7 70.0 74.3 


69.3 104 
77.0 115 

92.4 138 


92.7 139 
108 162 


185 247 369 
208 278 416 
231 309 462 
277 371 555 


'5 
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Table F-9.— Friction Losses in Pipe; 4 in. (4.026 in. ID); Loss in Feet of 
Liquid per 1,000 ft of Pipe 

(Reprinted from “Cameron Hydraulic Data,” 11th ed., 1942, by permission of 
Ingersoll-Rand Company) 
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Table F-9.— Friction Losses in Pipe; 4 in. (4.026 in. ID); Loss in Feet of 
Liquid per 1,000 ft of Pipe ( Continued ) 


Kinematic viscosity, centistokes 

26.4 32.0 43.2 65.0 108.4 162.3 216.5 325 435 650 

Approx. SSU viscosity 

j j 

125 150 200 300 500 I 750 1,000 j 1,500 2,000 3,000 


6.25 10.4 
7.81 13.0 


7.82 11.7 
0.4 15.6 


7.80 10.4 
1.7 15.6 
5.6 20.8 


7.80 11.7 
0.4 15.6 

5.6 23.4 

0.8 31.2 


3.80 4.61 6.22 9.37 15.6 23.4 31.2 46.8 62.7 93.7 


7.25 10.9 
8.29 12.5 


10.8 

11.4 

9.33 

13.0 

13.6 

10.4 

18.0 

18.8 

20.2 

23.5 

24.7 

26.5 

29.9 

31.1 

33.8 

36.6 

38.4 

41.2 

44.3 

46.3 

49.6 

52.5 

54.8 

58.7 

61.1 

63.8 

68.6 

70.2 

73.3 

78.9 

80.0 

83.6 

90.2 

90.2 

94.6 

102 


18.2 27.3 

20.8 31.2 

23.4 35.1 j 

26.0 39.0 


126 


54.6 

72.8 

109 

62.4 

83.2 

125 

70.2 

93.6 

140 

78.0 

104 

156 

85.8 

114 

172 

93.6 

125 

187 

101 

135 

203 

109 

146 

218 

117 

156 

234 


54.6 73 2 109 

62.4 83.6 125 

70.2 94.1 141 

78.0 105 156 

93.7 125 187 

109 146 218 
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Table F-10. —Friction Losses in Pipe; 6 in. (6.065 in. ID); Loss in Feet op 
Liquid per 1,000 ft of Pipe 

(Reprinted from “Cameron Hydraulic Data,” 11th ed., 1942, by permission of 
Ingersoll-Rand Company) 


Flow 

Kinematic viscosity, centistokes 

U.S. 

gpm 

Bbl/hr 
(42 gal) 

0.6 


2.1 

2.7 

4.3 

7.4 

10.3 

13.1 

15.7 

20.6 

Approx. SSU viscosity 


31.5 

33 

35 

40 

50 

60 

70 

80 

100 

75 

107 

0.47 

0.53 

0.62 

0.65 

0.73 

0.82 

0.89 

0.94 

0.98 


100 

143 

0.80 

0.89 

1.03 

1.09 

1.21 

1.37 

1.49 

1.56 

1.64 

1.75 

125 

178 

1.21 

1.33 

1.54 

1.64 

1.80 

2.02 

2.18 

2.32 

2.42 

2.59 

150 

214 

1.67 

1.85 

2.16 

2.26 

2.49 

2.80 

3.01 

3.21 

3.35 

3.55 

175 

250 

2.23 

2.44 

2.76 

2.92 

3.26 

3.67 

4.00 

4.22 

4.38 

4.70 

200 

286 

2.86 

3.13 

3.52 

3.71 

4.19 

4.65 

5.03 

5.33 

5.53 

5.96 

225 

322 

3.55 

3.92 

4.34 

4.54 

5.15 

5.76 

6.22 

6.53 

6.84 

7.31 

250 

357 

4.32 

4.75 

5.27 

5.50 

6.17 

6.94 

7.45 

7.87 

8.26 

8.77 

275 

393 

5.17 

5.63 

6.27 

6.55 

7.29 

8.27 

8.84 

9.29 

9.77 

10.3 

300 

429 

6.08 

6.63 

7.32 

7.65 

8.46 

9.60 

10.3 

10.9 

11.4 

12.0 

350 

500 

8.19 

8.84 

9.76 

10.2 

11.1 

12.7 

13.6 

14.1 

14.9 

15.9 

400 

571 

10.5 

11.3 

12.5 

13.0 

14.1 

16.1 

17.2 

18.2 

19.0 

20.1 

450 

643 

13.1 

14.1 

15.5 

16.0 

17.5 

19.7 

21.3 

22.4 

23.3 

24.6 

500 

714 

15.9 

17.1 

18.8 

19.5 

21.2 

23.7 

25.8 

26.9 

28.1 

30.0 

550 

786 

19.3 

20.5 

22.5 

23.4 

25.2 

28.0 

30.5 

32.1 

33.5 

35.4 

600 

857 

22.7 

24.1 

26.3 

27.6 

29.5 

32.8 

35.5 

37.7 

39.1 

41.3 

650 

929 

26.3 

28.1 

30.5 

31.7 

34.0 

37.8 

40.7 

43.3 

45.1 

47.5 

700 

1,000 

30.1 

32.3 

35.0 

36.5 

39.0 

43.2 

46.5 

49.5 

51.5 

54.2 

750 

1,070 

34.3 

36.8 

39.7 

41.3 

44.4 

48.7 

52.2 

55.7 

58.1 

61.5 

800 

1,140 

38.8 

41.7 

44.8 

46.6 

50.0 

54.8 

58.3 

62.2 

65.0 

69.0 

900 

1,285 

48.7 

52.2 

55.9 

57.8 

62.7 

67.7 

72.5 

76.3 

80.0 

85.5 

1,000 

1,430 

59.2 

63.8 

68.3 

70.6 

75.9 

82.0 

87.5 

91.9 

96.5 

103 

1,100 

1,570 

70.8 

76.2 

81.8 

84.8 

90.0 

98.3 

104 

108 

114 

122 

1,200 

1,715 

84.3 

89.7 

96.2 

99.5 

105 

115 

122 

127 

134 

142 

1,400 

2,000 

113 

120; 

129 

132 

140 

153 

161 

167 

175 

186 

1,600 

2,285 

1464; 

155' 

166 

171 

180 

196 

206 

214^ 

223 

233 

1,800 

2,570 

182 * 

192 

206 

212 

224 

244 

256 

265" 

275 

290 

2,000 

2,860 

224 

238 

252 

259 

273 

294 

310 

320 

334 

350 

2,200 

3,140 

268 

283 

302 

309 

325 

353 

371 

382 

397 

415 

2,400 

3,430 

319 

332 

356 

366 

384 

412 

437 

450 

465 

490 

2,600 

3,710 

370 

388 

414 

426 

447 

479 

503 

523 

535 

565 

2,800 

4,000 

428 

448 

477 

492 

513 

548 

577 

601 

615 

643 

3.000 

4,285 

485 

512 

542 

560 

587 

627 

655 

682 

701 

732 

3,250 

4,640 

569 

593 

633 

650 

681 

730 

763 

789 

819 

850 

3,500 

5,000 

657 

688 

728 

750 

785 

837 

875 

900 

932 

967 
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Table F-10. —Friction Losses in Pipe; 6 in. (6.065 in. ID); Loss in Feet of 
Liquid per 1,000 ft of Pipe ( Continued) 


Flow 

Kinematic viscosity, centistokes 

U.S. 

gpm 

Bbl/hr 
(42 gal) 

26.4 

32.0 

43.2 

65.0 

108.4 

162.3 

216.5 

325 

435 

| 650 

Approx. SSU viscosity 

125 

150 

200 

300 

500 

750 

1,000 

1,500 

2,000 

3,000 

50 

71.4 

0.62 

0.74 

1.00 

1.51 

2.52 

3.78 

5.04 

7 57 

10.1 

15.1 

75 

107 

0.92 

1.12 

1.51 

2.27 

3.78 

5.66 

7.56 

11.4 

15.2 

22.7 

100 

143 

1.23 

1.49 

2.01 

3.03 

5.05 

7.55 

10.1 

15.1 

20.3 

30.2 

125 

178 

2.75 

1.86 

2.51 

3.79 

6.31 

9.45 

12.6 

18.9 

25.3 

37.8 

150 

214 

3.79 

4.03 

3.01 

4.54 

7.58 

11.3 

15.1 

22.7 

30.4 

45.4 

175 

250 

4.94 

5.21 

5.58 

5.30 

8.84 

13.2 

17.6 

26.5 

35.5 

53.0 

200 

286 

6.26 

6.56 

7.05 

6.06 

10.1 

15.1 

20.2 

30.3 

40.5 

60.6 

225 

322 

7.76 

8.09 

8.70 

6.82 

11.4 

17.0 

22.7 

34.1 

45.6 

68.1 

250 

357 

9.31 

9.74 

10.4 

7.57 

12.6 

18.9 

25.2 

37.8 

50.7 

75.7 

275 

393 

11.0 

11.5 

12.4 

13.6 

13.9 

20.8 

27.7 

41.7 

55.8 

83.2 

300 

429 

12.9 

13.5 

14.5 

15.9 

15.1 

22.6 

30.2 

45.4 

60.9 

90.8 

350 

500 

16.9 

17.7 

19.0 

20.8 

17.7 

26.4 

35.3 

53.0 

71.0 

106 

400 

571 

21.4 

22.3 

23.9 

26.3 

20.2 

30.2 

40.3 

60.6 

81.1 

121 

450 

643 

26.3 

27.4 

29.5 

32.4 

36.6 

34.0 

45.3 

68.2 

91.3 

136 

500 

714 

31.5 

33.0 

35.6 

39.0 

44.1 

37.8 

50.4 

75.7 

101 

151 

550 

786 

37.2 

39.1 

41.8 

46.2 

52.2 

41.6 

55.4 

83.3 

112 

166 

600 

857 

43.6 

45.7 

49.0 

53.9 

61.0 

45.3 

60.5 

90.9 

122 

182 

650 

929 

50.3 

52.6 

56.4 

62.2 

69.9 

49.1 

65.5 

98.5 

132 

197 

700 

1,000 

57.3 

59.8 

64.0 

70.7 

80.0 

87.5 

70.6 

106 

142 

212 

750 

1,070 

65.0 

67.6 

72.6 

79.9 

90.2 

99.1 

75.6 

114 

152 

227 

800 

1,140 

72.9 

75.8 

1 

81.6 

89.5 

100 

111 

80.6 

121 

162 

242 

900 

1,285 

89.8 

93.5 

99.5 

111 

124 

137 

147 

136 

183 

272 

1,000 

1,430 

109 

113 

121 

134 

150 

164 

176 

151 

203 

302 

1,100 

1,570 

129 

134 

143 

157 

177 

195 

208 

167 

223 

333 

1,200 

1,715 

151 

157 

166 

184 

206 

226 

245 

182 

243 

363 

1,400 

2,000 

199 

207 

220 

241 

270 

298 

320 

351 

284 

424 

1,600 

2,285 

251 

261 

280 

305 

342 

378 

404 

446 

324 

484 

1,800 

2,570 

309 

322 

344 

375 

423 

465 

497 

547 

589 

545 

2,000 

2,860 

370 

385 

414 

456 

511 

559 

598 

658 

705 

605 

2,200 

3,140 

438 

457 

493 

540 

603 

662 

708 

780 

833 

666 

2,400 

3,430 

512 

534 

574 

630 

700 

771 

827 

903 

980 

726 

2,600 

3,710 

590 

615 

659 

723 

812 

889 

950 



787 

2,800 

4,000 

677 

703 

750 

828 

923 






3,000 

4,285 

766 

793 

847 

935 







3,200 

4,570 

856 

890 

950 
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Fig. F-ll. —Friction Losses in Pipe; 8 in. (7.981 in. ID); Loss in Feet of 
Liquid per 1,000 ft of Pipe 

(Reprinted from “ Cameron Hydraulic Data,” 11th ed., 1942, by permission of 
Ingersoll-Rand Company) 


Flow 

Kinematic viscosity, centistokes 

U.S. 

gpm 

Bbl/hr 
(42 gal) 

0.6 

1.1 

2.1 

2.7 

4.3 

7.4 

10.3 

13.1 

15.7 

20.6 

Approx. SSU viscosity 




31.5 

33 

35 

40 

; 50 

60 

70 

80 

100 

150 

214 

0.45 

0.49 

0.57 

0.61 

0.67 

0.77 

0.82 

0.87 

0.90 

! 0.96 

200 

286 

0.76 

0.83 

0.94 

1.01 

1.12 

1.26 

1.35 

1.45 

1.50 

1.59 

250 

357 

1.14 

1.25 

1.41 

1.49 

1.66 

1.85 

2.02 

2.14 

2.21 

2.37 

300 

429 

1.60 

1.76 

1.95 

2.04 

2.32 

2.59 

2.77 

2.94 

3.06 

3.26 

350 

500 

2.14 

2.33 

2.59 

2.71 

3.02 

3.40 

3.65 

3.86 

4.03 

4.29 

400 

571 

2.74 

2.98 

3.29 

3.44 

3.82 

4.30 

4.62 

4.89 

5.11 

5.42 

450 

643 

3.43 

3.70 

4.09 

4.29 

4.68 

5.38 

5.72 

6.00 

6.25 

6.70 

500 

714 

4.13 

4.50 

4.96 

5.18 

5.67 

6.44 

6.92 

7.26 

7.54 

8.08 

600 

857 

5.89 

6.33 

6.97 

7.20 

7.90 

8.86 

9.55 

10.0 

10.4 

11.1 

700 

1,000 

7.91 

8.48 

9.24 

9.63 

10.4 

11.5 

12.6 

13.3 

13.8 

14.6 

800 

1,140 

10.2 

10.8 

11.8 

12.3 

13.3 

14.6 

16.0 

16.9 

17.5 

18.5 

900 

1,285 

12.7 

13.5 

14.6 

15.3 

16.5 

18.1 

19.6 

20.9 

21.6 

22.9 

1,000 

1,430 

15.6 

16.5 

17.9 

18.5 

20.0 

21.9 

23.5 

25.0 

26.1 

27.7 

1,200 

1,715 

21.9 

23.3 

25.2 

26.0 

28.0 

30.5 

32.7 

34.3 

36.0 

38.3 

1,400 

2,000 

29.4 

31.3 

33.5 

34.7 

37.0 

40.3 

43.0 

45.2 

46.9 

50.5 

1,600 

2,285 

37.7 

40.3 

43.3 

44.6 

47.3 

51.7 

54.7 

57.1 

59.3 

64.0 

1,800 

2,570 

47.3 

50.5 

53.8 

55.5 

58.9 

64.2 

67.6 

71.1 

73.5 

78.5 

2,000 

2,860 

57.7 

61.5 

65.9 

67.7 

71.5 

78.4 

82.3 

86.2 

88.5 

94.0 

2,200 

3,140 

69.0 

73.6 

78.6 

81.0 

85.7 

93.1 

97.8 

102 

105 

112 

2,400 

3,430 

82.1 

86.5 

93.0 

95.3 

101 

110 

115 

120 

124 

130 

2,600 

3,710 

i 

96.2 

101 

108 

111 

117 

127 

133 

138 

143 

150 

2,800 

4,000 

110 

116 

124 

128 

134 

145 

153 

158 

163 

172 

3,000 

4,285 

126 

132 

142 

146 

153 

164 

173 

180 

185 

195 

3,200 

4,570 

142 

150 

160 

165 

173 

185 

195 

203 

209 

219 

3,400 

4,860 

160 

168 

179 

185 

194 

207 

218 

227 

233 

244 

3,600 

5,140 

179 

187 

199 

205 

216 

231 

243 

252 

259 

271 

3,800 

5,425 

198 

207 

222 

228 

239 

255 

267 

278 

286 

299 

4,000 

5,715 

218 

228 

244 

251 

264 

281 

295 

306 

314 

329 

4,500 

6,425 

278 

288 

305 

313 

331 

351 

366 

382 

391 

409 

5,000 

7,145 

338 

352 

372 

383 

404 

428 

447 

462 

476 

495 

5,500 

7,855 

408 

423 

445 

458 

483 

513 

534 

550 

569 

593 

6,000 

8,570 

478 

499 

526 

540 

568 

603 

628 

647 

665 

694 

6,500 

9,280 

561 

584 

613 

627 

658 

699 

731 

752 

772 

806 

7,000 

10,000 

650 

674 

707 

721 

760 

807 

838 

864 

886 

923 

7,500 

10,700 

743 

768 

806 

822 

866 

920 

953 

982 
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Table F-ll.—F riction Losses in Pipe; 8 in. (7.981 in. ID); Loss in Feet op 
Liquid per 1,000 ft of Pipe (( Continued) 
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Table F-12.— Friction Losses in Pipe; 10 in. (10.02 in. ID); Loss in Feet of 
Liquid per 1,000 ft of Pipe 

(Reprinted from “Cameron Hydraulic Data,’ 7 11th ed., 1942, by permission of 
Ingersoll-Rand Company) 
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Table F-12— Friction Losses in Pipe; 10 in. (10.02 in. ID); Loss in Feet op 
Liquid per 1,000 ft of Pipe ( Continued ) 


Flow 

Kinematic viscosity, centistokes 

U.S. 

gpm 

Bbl/hr 
(42 gal) 

26.4 

32.0 

43.2 

65.0 

108.4 

162.3 

216.5 

325 

435 

650 

Approx. SSU viscosity 



125 

150 

200 

300 

500 

750 

1,000 

1,500 

2,000 

3,000 

150 

214 

0.25 

0.30 

0.40 

0.6 1 

1.02 

1.52 

2.03 

3.04 

4.08 

6.09 

200 

286 

0.57 

0.40 

0.54 

0.81 

1.35 

2.03 

2.71 

4.06 

5.43 

8.12 

300 

429 

1.17 

1.22 

1.31 

1.22 

2.03 

3.04 

4.06 

6.09 

8.15 

12.2 

400 

571 

1.95 

2.03 

2.19 

1.62 

2.71 

4.06 

5.41 

8.12 

10.9 

16.2 

500 

714 

2.89 

3.02 

3.23 

3.57 

3.39 

5.07 

6.77 

10.1 

13.6 

20.3 

600 

857 

3.99 

4.17 

4.48 

4.93 

4.06 

6.08 

8.12 

12.2 

16.3 

24.4 

700 

1,000 

5.21 

5.47 

5.87 

6.47 

4.74 

7.10 

9.47 

14.2 

19.9 

28 4 

800 

1,140 

6.62 

6.95 

7.42 

8.13 

9.25 

8.12 

10.8 

16.2 

21.7 

32.5 

900 

1,285 

8.10 

8.53 

9.14 

10.1 

11.3 

9.13 

12.2 

18.3 

24.5 

36.5 

1,000 

1,430 

9.85 

10.3 

11.0 

12.1 

13.7 

10.1 

13.5 

20.3 

27.2 

40.6 

1,100 

1,570 

11.6 

12.1 

13.0 

14.3 

16.2 

17.9 

14.9 

22.3 

29.9 

44.6 

1,200 

1,715 

13.5 

14.1 

15.2 

16.7 

18.8 

20.8 

16.2 

24.4 

32.6 

48.7 

1,300 

1,855 

15.6 

16.3 

17.5 

19.2 

21.7 

23.9 

17.6 

26.4 

35.3 

52.8 

1,400 

2,000 

17.9 

18.6 

19.9 

22.0 

24.7 

27.3 

18.9 

28.4 

38.0 

56.8 

1,500 

2,140 

20.2 

21.1 

22.5 

24.9 

28.0 

30.8 

33.0 

30.4 

40.8 

60.9 

1,600 

2,285 

22.7 

23.7 

25.2 

27.8 

31.3 

34.4 

37.0 

32.4 

43.5 

64.9 

1,800 

2,570 

28.0 

29.1 

31.1 

34.2 

38.5 

42.3 

45.4 

36.5 

48.9 

73.1 

2,000 

2,860 

33.9 

35.2 

37.5 

41.1 

46.3 

50.8 

54.8 

40.6 

54.3 

81.2 

2,200 

3,140 

40.0 

41.8 

44.3 

48.9 

55.0 

60.3 

64.5 

71.5 

59.8 

89.3 

2,400 

3,430 

46.8 

49.0 

52.0 

56.8 

63.9 

70.5 

75.3 

83.1 

65.2 

97.4 

2,600 

3,710 

53.7 

56.3 

60.0 

65.5 

73.5 

81.3 

86.8 

95.8 

70.7 

105 

2,800 

4,000 

60.9 

64.3 

68.5 

74.5 

84.2 

92.7 

98.8 

109 

76.1 

114 

3,000 

4,285 

68.7 

72.7 

77.6 

84.4 

94.9 

105 

112 

123 

132 

122 

3,500 

5,000 

90.7 

95.2 

103 

111 

125 

137 

147 

162 

174 

142 

4,000 

5,715 

114 

119 

129 

141 

158 

174 

185 

203 

219 

162 

4,500 

6,430 

142 

148 

159 

175 

195 

214 

228 

252 

270 

297 

5.000 

7,145 

172 

179 

191 

211 

234 

257 

276 

303 

324 

357 

5,500 

7,855 

205 

213 

226 

250 

278 

305 

326 

358 

382 

421 

6,000 

8,570 

239 

248 

262 

292 

325 

355 

380 

418 

447 

493 

6,500 

9,280 

277 

286 

304 

336 

375 

409 

438 

480 

515 

567 

7,000 

10,000 

317 

326 

347 

381 

429 

465 

499 

549 

586 

646 

7,500 

10,700 

360 

370 

394 

430 

485 

527 

562 

621 

665 

729 

8,000 

11,400 

406 

418 

442 

479 

545 

592 

631 

695 

743 

813 

9,000 

12,900 

508 

522 

549 

594 

672 

731 

779 

858 

920 


10,000 

14,300 

615 

634 

665 

715 

813 

884 

937 
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Table F-13. —Friction Losses in Pipe; 12 in. (12 in. ID); Loss in Feet op 
Liquid per 1,000 ft of Pipe 

(Reprinted from “Cameron Hydraulic Data,” 11th ed., 1942, by permission of 
Ingersoll-Rand Company) 


Kinematic viscosity, centistokes 


).6 1.1 2.1 2.7 4.3 7.4 10.3 13.1 15.7 20.6 


Approx. SSU viscosity 



31 

5 

33 

35 

40 

50 

60 

70 

80 

100 

0 

22 

0 

24 

0 

27 

0.29 

0 

33 

0 

37 

0 

40 

0 

42 

0.44 

0.47 

0 

00 

CO 

0 

41 

0 

46 

0.49 

0 

54 

0 

61 

0 

66 

0 

70 

0.73 

0.78 

0 

57 

0 

63 

0 

69 

0.73 

0 

81 

0 

91 

0 

98 

1 

04 

■ 

1.15 

0 

80 

0 

87 

0 

96 

1.01 

1 

12 

1 

26 

1 

35 

1 

43 

1.49 

1.58 

1 

07 

1 

15 

1 

28 

1.34 

1 

46 

1 

67 

1 

77 

1 

87 

1.96 

2.08 

1 

38 

1 

.48 

1 

64 

1.71 

1 

86 

2 

11 

2 

27 

2 

39 

2.47 

2.64 

1 

73 

1 , 

.85 

2 

04 

2.12 

2 

30 

2 

59 

2 

80 

2 

96 

3.07 

3.24 

2. 

10 

2 

.25 

2. 

48 

2.57 

2. 

78 

3. 

11 

3. 

40 

3. 

57 

3.70 

3.90 

2 

97 

3 

.17 

3. 

46 

3.60 

3. 

87 

4. 

32 

4. 

68 

4. 

94 

5.11 

5.41 

3. 

98 

4. 

24 

4. 

61 

4.81 

5. 

14 

5. 

65 

6. 

08 

6. 

.49 

6.76 

7.16 

5. 

12 

5. 

48 

5. 

89 

6.12 

6. 

58 

7. 

20 

7. 

68 

8. 

20 

8.57 

9.08 

6. 

40 

6. 

81 

7. 

34 

7.59 

8. 

18 

8. 

92 

9. 

52 

10. 

0 

10.5 

11.2 

7. 

82 

8. 

34 

8. 

97 

9.25 

9. 

97 

10. 

8 

11. 

5 

12. 

0 

12.6 

13.5 


LI 

(8 
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Table F-13. —Friction Losses in Pipe; 12 in. (12 in. ID); Loss in Feet of 
Liquid per 1,000 ft of Pipe {Continued) 


FI 

ow 

Kinematic viscosity, centistokes 



26.4 

32.0 

43.2 

65.0 

108.4 

162.3 

1 216.5 

1 

325 

435 

650 

U.S. 

Bbl/hr 











gpm 

(42 gal) 




Approx. SSU viscosity 






125 

150 

200 

300 

500 

750 

1,000 

1,500 

2,000 

3,000 

100 

143 

0.08 

0.10 

0.13 

0.20 

0.33 

0.49 

0.66 

0.99 

1.32 

1.98 

200 

286 

0.16 

0.20 

0.26 

0.39 

0.66 

0.99 

1.32 

1.97 

2.64 

3.95 

300 

429 

0.50 

0.55 

0.39 

0.59 

0.99 

1.48 

1.97 

2.96 

3.96 

5.93 

400 

571 

0.82 

0.86 

0.93 

0.79 

1.32 

1.98 

2.63 

3.95 

5.28 

7.91 

500 

714 

1.22 

1.28 

1.39 

0.99 

1.65 

2.47 

3.27 

4.93 

0.60 

9.89 

600 

857 

1.69 

1.76 

1.89 

1.99 

1.98 

2.96 

3.95 

5.92 

7.93 

11.9 

700 

1,000 

2.22 

2.32 

2.47 

2.74 

2.30 

3.45 

4.61 

6.90 

9.25 

13.8 

800 

1,140 

2.80 

2.91 

3.14 

3.46 

2.63 

3.95 

5.26 

7.89 

10.6 

15.8 

900 

1,285 

3.44 

3.61 

3.88 

4.26 

4.82 

4.44 

5.93 

8.88 

11.9 

17.8 

1,000 

1,430 

4.15 

4.35 

4.65 

5.13 

5.80 

4.93 

6.58 

9.87 

13.2 

19.8 

1,200 

1,715 

5.75 

5.99 

6.43 

7.07 

8.00 

5.92 

7.90 

11.8 

15.9 

23.7 

1,400 

2,000 

7.46 

7.85 

8.43 

9.32 

10.5 

11.5 

9.21 

13.8 

18.5 

27.7 

1,600 

2,285 

9.58 

9.98 

10.7 

11.8 

13.2 

14.5 

10.5 

15.8 

21.1 

31.6 

1,800 

2,570 

11.8 

12.3 

13.1 

14.5 

16.3 

18.0 

19.3 

17.7 

23.8 

35.6 

2,000 

2,860 

14.2 

14.8 

15.8 

17.4 

19.7 

21.6 

23.2 

19.7 

26.4 

39.5 

2,500 

3,570 

21.2 

22.1 

23.5 

25.9 

29.2 

32.0 

34.7 

24.6 

33.0 

49.4 

3,000 

4,285 

29.3 

30.6 

32.6 

35.5 

40.2 

44.2 

47.3 

52.0 

39.6 

59.3 

3,500 

5,000 

38.3 

40.4 

43.0 

46.1 

52.7 

58.2 

62.3 

68.7 

73.5 

69.2 

4,000 

5,715 

48.2 

50.6 

54.6 

59.5 

66.8 

73.2 

78.8 

86.3 

92.5 

79.1 

4,500 

6,430 

59.8 

62.3 

67.4 

73.4 

82.2 

90.4 

97.1 

106 

114 

89.0 

5,000 

7,145 

72.1 

75.0 

81.2 

88.8 

98.7 

109 

117 

128 

138 

98.9 

5,500 

7,855 

86.1 

89.3 

95.6 

106 

117 

129 

138 

151 

163 

178 

6,000 

8,570 

101 

104 

111 

123 

137 

150 

161 

177 

190 

208 

6,500 

9,280 

116 

120 

128 

142 

159 

173 

186 

204 

218 

239 

7,000 

10,000 

132 

138 

147 

162 

181 

197 

211 

232 

248 

274 

7,500 

10,700 

150 

156 

166 

183 

204 

222 

238 

263 

280 

309 

8,000 

11,400 

170 

176 

186 

204 

229 

249 

266 

295 

314 

345 

9,000 

12,850 

211 

217 

230 

251 

284 

308 

326 

362 

389 

426 

10,000 

14,300 : 

255 

264 

278 

301 

342 

372 

395 

435 

470 

513 

11,000 

15,700 : 

306 

315 

331 

358 

406 

442 

467 

515 

551 

606 

12,000 

17,150 ; 

360 

370 

387 

418 

474 

515 

548 

602 

645 

708 

13,000 

18,550 

115 

430 

448 

481 

543 

593 

634 

693 

744 

816 

14,000 

20,000 

476 

491 

515 

551 

618 

682 

725 

789 

844 

932 

15,000 

21,400 

540 

558 

585 

625 

696 

771 

816 

891 

956 


16,000 

22,850 ! 

809 

629 

656 

705 

780 

860 

916 

999 
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Table F-14. —Friction Losses in Pipe; 16 in. (15.25 in. ID); Loss in Feet op 
Liquid per 1,000 ft of Pipe 

(Reprinted from “Cameron Hydraulic Data,” 11th ed., 1942, by permission of 
Ingersoll-Rand Company) 
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Table F-14— Friction Losses in Pipe; 16 in. (16.25 in. ID); Loss in F; et of 
Liquid per 1,000 ft of Pipe (i Continued) 


Flow 

Kinematic viscosity, centistokes 



26.4 

32.0 

43.2 

65.0 

108.4 

162.3 

216.5 

325 

435 

650 

U.S. 

Bbl/hr 











gpm 

(42 gal) 




Approx. SSU viscosity 






125 

150 

200 

300 

500 

750 

1,000 

1,500 

2,000 

3,000 

400 

571 

0.26 

0.28 

0.20 

0.30 

0.51 

0.76 

1.01 

1. r >2 

2.02 

3.03 

500 

714 

0.39 

0.41 

0.44 

0.38 

0.63 

0.95 

1.26 

1.89 

2.53 

3.79 

600 

857 

0.54 

0.56 

0.61 

0.45 

0.76 

1.14 

1.51 

2.27 

3.04 

4.55 

700 

1,000 

0.71 

0.74 

0.79 

0.87 

0.89 

1.32 

1.76 

2.65 

3 55 

5.30 

800 

1,140 

0.89 

0.94 

1.00 

1.11 

1.01 

1.51 

2.02 

3.03 

4.06 

6.06 

900 

1,285 

1.10 

1.15 

1.23 

1.36 

1.14 

1.70 

2.27 

3.41 

4.56 

6.82 

1,000 

1,430 

1.32 

1.38 

1.49 

1.63 

1.26 

1.89 

2.52 

3.79 

5.07 

7.57 

1,200 

1,715 

1.82 

1.91 

2.05 

2.24 

2.54 

2.27 

3.02 

4.55 

6.08 

9.10 

1,400 

2,000 

2.39 

2.50 

2.69 

2.96 

3.34 

2.65 

3.53 

5.30 

7.10 

10.6 

1,600 

2,285 

3.03 

3.17 

3.40 

3.75 

4.22 

3.03 

4.03 

6.06 

8.11 

12.1 

1,800 

2,570 

3.72 

3.91 

4.19 

4.60 

5.22 

5.74 

4.54 

6.82 

9.12 

13.6 

2,000 

2,860 

4.52 

4.74 

5.06 

5.56 

6.27 

6.90 

5.04 

7.58 

10.1 

15.1 

2,200 

3,140 

5.36 

5.61 

5.98 

6.56 

7.40 

8.17 

8 75 

8.33 

11.2 

16.7 

2,400 

3,430 

6.25 

6.52 

6.95 

7.65 

8.66 

9.55 

10.2 

9.09 

12.2 

18.2 

2,600 

3,710 

7.23 

7.53 

8.00 

8.82 

9.99 

10.9 

11.7 

9.85 

13.2 

19.7 

2,800 

4,000 

8.27 

8.60 

9.10 

10.0 

11.3 

12.4 

13.3 

10.6 

14.2 

21.2 

3,000 

4,285 

9.36 

9.71 

10.3 

11.4 

12.8 

14.0 

15.1 

11.4 

15.2 

22.7 

3,500 

5,000 

12.3 

12.8 

13.6 

14.9 

16.8 

18.4 

19.8 

21.8 

17.7 

26.5 

4,000 

5,715 

15.5 

16.2 

17.3 

18.9 

21.2 

23.3 

25.1 

27.8 

20.3 

30.3 

4,500 

6,430 

19.0 

20.0 

21.4 

23.2 

26.3 

28.7 

30.8 

33.9 

36.4 

34.1 

5,000 

7,145 

22.8 

24.0 

25.8 

28.1 

31.6 

34.6 

37.0 

40.7 

43.7 

37.9 

6,000 

8,570 

31.6 

32.9 

35.7 

39.0 

43.5 

47.8 

51.2 

56.5 

60.5 

45.5 

7,000 

10,000 

42.0 

43.6 

46.5 

51.6 

56.8 

62.7 

67.2 

74.0 

79.3 

87.5 

8,000 

11,400 

53.1 

55.3 

58.9 

65.2 

72.4 

79.5 

84.8 

93.5 

100 

110 

9,000 

12,850 

66.0 

68.4 

72.6 

80.5 

89.6 

97.5 

105 

115 

123 

136 

10,000 

14,300 

80.2 

83.0 

87.5 

96.4 

108 

118 

127 

139 

149 

163 

12,000 

17,150 

112 

115 

122 

132 

150 

163 

174 

191 

205 

226 

14,000 

20,000 

149 

154 

162 

174 

198 

215 

227 

251 

269 

296 

16,000 

22,850 

191 

197 

206 

222 

250 

274 

290 

318 

339 

374 

18,000 

25,700 

237 

244 

255 

274 

306 

337 

358 

391 

420 

461 

20,000 

28,600 

288 

296 

309 

331 

367 

407 

433 

471 

506 

555 

22,500 

32,200 

358 

368 

387 

412 

455 

504 

534 

580 

620 

687 

25,000 

35,700 

435 

448 

470 

499 

548 

604 

648 

705 

752 

825 

27,500 

39,300 

520 

535 

560 

594 

650 

711 

763 

834 

888 

975 

30,000 

42,850 

610 

627 

655 

696 

761 

827 

895 

975 

i 
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Table F-15. —Friction Losses in Pipe; 20 in. (19.182 in. ID); Loss in Feet of 
Liquid per 1,000 ft of Pipe 

(Reprinted from “Cameron Hydraulic Data,” 11th ed., 1942, by permission of 
Ingersoll-Rand Company) 


Flow 

Kinematic viscosity, centistokes 

U.S. 

gpm 

Bbl/hr 
(42 gal) 

0.6 

1.1 

2.1 

2.7 

4.3 

7.4 

10.3 

13.1 

15.7 

20.6 

Approx. SSU viscosity 


31.5 

^ 33 

i 

35 

! | 

40 

50 

60 

70 

80 

100 

1,000 

1,430 

0.21 

0.23 

0.25 

0.27 

0.29 

I 

0.33 

0.36 

0.38 

0.39 

0.42 

1,500 

2,140 

0.46 

0.49 

0.54 

0.56 

0.61 

0.68 

0.74 

0.78 

0.81 

0.85 

2,000 

2,860 

0.79 

0.84 

0.92 

0.95 

1.03 

1.13 

1.23 

1.30 

1.34 

1.43 

3,000 

4,285 

1.69 

1.81 

1.94 

2.01 

2.16 

2.36 

2.50 

2.64 

2.76 

2.98 

4,000 

5,715 

2.91 

3.11 

3.34 

3.45 

3.68 

3.99 

4.21 

4.41 

4.59 

4.90 

5,000 

7,145 

4.47 

4.76 

5.11 

5.25 

5.55 

6.05 

6.35 

6.60 

6.83 

7.21 

6,000 

8,670 

6.36 

6.72 

7.22 

7.41 

7.80 

8.45 

8.86 

9.24 

9.49 

10.0 

7,000 

10,000 

8.55 

8.97 

9.63 

9.90 

10.4 

11.2 

11.8 

11.2 

12.6 

13.2 

8,000 

11,400 

11.1 

11.6 

12.4 

12.8 

13.4 

14.3 

15.1 

15.7 

16.1 

16.9 

9,000 

12,850 

13.9 

14.5 

15.5 

15.9 

16.7 

17.8 

18.8 

19.5 

20.2 

20.9 

10,000 

14,300 

17.0 

17.7 

18.9 

19.4 

20.4 

21.7 

22.7 

23.7 

24.4 

25.4 

11,000 

15,700 

20.4 

21.3 

22.6 

23.2 

24.4 

26.1 

27.1 

28.2 

29.0 

30.2 

12,000 

17,150 

24.1 

25.2 

26.7 

27.4 

28.8 

30.7 

32.0 

33.2 

34.1 

35.4 

13,000 

18,550 

28.2 

29.5 

31.0 

31.9 

33.5 

35.6 

37.1 

38.4 

39.4 

41.3 

14,000 

20,000 

32.4 

34.0 

35.7 

36.7 

38.5 

41.0 

42.6 

44.0 

45.2 

47.3 

15,000 

21,400 

37.0 

38.8 

40.8 

41.9 

44.0 

46.7 

48.5 

50.0 

51.4 

53.8 

16,000 

22,850 

42.0 

43.9 

46.0 

47.2 

49.7 

52.7 

54.6 

56.3 

57.8 

60.5 

18,000 

25,700 

53.2 

55.1 

57.6 

59.0 

62.0 

66.0 

68.3 

70.5 

72.0 

75.2 

20,000 

28,600 

65.3 

67.3 

71.0 

72.4 

76.0 

80.5 

83.4 

85.7 

87.8 

91.1 

22,000 

31,400 

78.8 

80.8 

85.2 

86.8 

91.0 

96.3 

99.8 

j 

102 

1 

105 

109 

24,000 

34.300 

93.4 

96.0 

101 

103 

107 

113 

118 

121 

124 

128 

26,000 

37,100 

109 

112 

117 

120 

124 

132 

137 

140 

143 

148 

28,000 

40,000 

126 

129 

135 

138 

143 

152 

157 

161 

165 

170 

30,000 

42,850 

145 

148 

155 

158 

163 

173 

179 

184 

188 

194 

32,000 

45,700 

164 

168 

176 

179 

185 

196 

203 

208 

212 

219 

34,000 

48,600 

184 

189 

197 

201 

207 

220 

227 

233 

238 

246 

36,000 

51,400 

206 

211 

219 

224 

231 

245 

253 

260 

266 

374 

38,000 

54,300 

229 

235 

244 

249 

257 

272 

281 

288 

294 

303 

40,000 

57,150 

252 

260 

269 

274 

283 

299 

309 

317 

324 

333 

42,000 

60,000 

277 

286 

296 

301 

312 

328 

339 | 

347 

355 

365 

44,000 

62,900 

303 

313 

323 

329 

341 

357 

370 

380 

388 

399 

46,000 

65,700 

330 

342 

352 

359 

372 

388 

402 

413 

422 

435 

48,000 

68,600 

358 

371 

382 

389 

403 

421 

436 

447 

456 

471 

50,000 

71,450 

387 

401 

413 

420 

435 

455 

471 

483 

492 

509 

55,000 

78,600 

470 

486 

500 

507 

524 

546 

565 

580 

591 

609 
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Table F-15—Fbiction Losses in Pipe; 20 in. (19.182 in. ID); Loss in Feet of 
Liquid pee 1,000 ft of Pipe ( Continued ) 


Flow 

Kinematic viscosity, centistokes 

U.S. 

gpm 

Bbl/hr 
(42 gal) 

26.4 

32.0 

43.2 

65.0 

108.4 

162.3 

216.5 

325 

435 

650 

Approx. SSU viscosity 

125 

150 

200 

300 

500 

750 

1,000 

i 

1,500 

2,000 

3,000 

800 

1,140 

0.30 

0.31 

0.34 

0.24 

0.41 

0.61 

0.81 

1.21 

1.62 

2.42 

900 

1,285 

0.37 

0.38 

0.42 

0.46 

0.46 

0.68 

0.91 

1.37 

1.83 

2.73 

1,000 

1,430 

0.44 

0.46 

0.50 

0.55 

0.51 

0.76 

1.01 

1.52 

2.03 

3 03 

1,500 

2,140 

0.91 

0.95 

1.02 

1.12 

1.27 

1.14 

1.52 

2.28 

3.05 

4.55 

2,000 

2,860 

1.50 

1.57 

1.69 

1.87 

2.11 

1.52 

2.02 

3.03 

4.06 

6.06 

3,000 

4,285 

3.10 

3.23 

3.45 

3.80 

4.31 

4.74 

5.06 

4.55 

6.10 

9.10 

4,000 

5,715 

5.19 

5.40 

5.75 

6.36 

7.12 

7.85 

8.44 

6.07 

8.12 

12.1 

5,000 

7,145 

7.66 

8.10 

8.61 

9.40 

10.5 

11.7 

12.5 

13.7 

10.1 

15.2 

6,000 

8,670 

10.5 

11.1 

11.9 

13.0 

14.6 

16.0 

17.2 

19.0 

20.3 

18.2 

7,000 

10,000 

13.9 

14.5 

15.7 

17.1 

19.2 

21.1 

22.6 

24.9 

26.5 

21.2 

8,000 

11,400 

17.6 

18.4 

19.9 

21.8 

24.2 

26.7 

28.5 

31.4 

33.7 

24.2 

9,000 

12,850 

21.8 

22.7 

24.6 

26.9 

29.8 

32.9 

35.1 

38.8 

41.5 

45.6 

10,000 

14,300 

26.4 

27.4 

29.2 

32.5 

36.1 

39.8 

42.2 

46.6 

49.9 

55.0 

11,000 

15,700 

31.3 

32.7 

34.8 

38.5 

42.9 

47.0 

50.1 

55.1 j 

59.1 

64.9 

12,000 

17,150 

36.8 

38.2 

40.7 

44.7 

50.0 

54.5 

58.4 

64.1 

69.0 1 

76.0 

13,000 

18,550 

42.8 

44.2 

46.7 

51.1 

57.6 

63.1 

67.2 

73.7 

79.4 

87.0 

14,000 

20,000 

49.0 

50.7 

53.5 

58.4 

65.9 

71.5 

76.8 

84.3 

90.3 

99.1 

15,000 

21,400 

55.5 

57.5 

60.6 

65.8 

74.5 

81.0 

86.4 

95.0 

102 

112 

16,000 

22,850 

62.6 

64.7 

68.1 

73.7 

83.7 

90.8 

97.0 

106 

115 

126 

18,000 

25,700 

77.8 

80.4 

84.4 

91.5 

104 

112 

119 

131 

141 

155 

20,000 

28,600 

94.6 

97.7 

102 

110 

125 

137 

145 

158 

169 

186 

22,000 

31,400 

113 

116 

121 

131 

146 

162 

172 

188 

200 

220 

24,000 

34,300 

132 

137 

1143 

153 

171 

188 

200 

218 

233 

257 

26,000 

37,100 

153 

159 

166 

177 

196 

217 

230 

252 

269 

295 

28,000 

40,000 

175 

181 

190 

203 

224 

247 

263 

286 

308 

336 

30,000 

42,850 

200 

206 

216 

230 

254 

280 

298 

324 

347 

380 

32,000 

45,700 

226 

232 

243 

259 

284 

312 

334 

363 

388 

427 

34,000 

48,600 

252 

260 

272 

289 

317 

347 

374 

406 

432 

475 

36,000 

51,400 

280 

289 

302 

322 

353 

384 

414 

450 

478 

525 

38,000 

54,300 

311 

319 

333 

356 

389 

421 

455 

497 

526 

579 

40,000 

57,150 

342 

351 

366 

392 

427 

460 

498 

544 

576 

633 

42,000 

60,000 

375 

385 

401 

430 

466 

502 

541 

692 

630 

689 

44,000 

62,900 

409 

420 

437 

469 

506 

546 

585 

645 

687 

750 

47,000 

67,100 

464 

476 

495 

530 

571 

615 

657 

727 

773 

841 

50,000 

71,450 

521 

534 

555 

593 

640 

690 

731 

811 

1 

863 

938 
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Fig. F-16.—Discharge factors (Ci) for use in Eq. (F-12). (Reprinted from Technical 

Paper No. 409, Crane CoChicago , III., by permission.) 

Pressure drops in steam piping may readily be obtained by a 
method developed by the Crane Co. 

A p = CiCtCtV (F-12) 

where A p = pressure drop, psi per 100 ft of pipe 

V = specific volume of steam (see steam Tables E-13 to E-15) 
Ci — discharge factor from Fig. F-16 
C 2 = size factor from Table F-16 
C 8 = viscosity factor (Fig. F-17) 
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Table F-16.—Size Factors (C 2 ) for Use in Eq. (F-12) 
(Reprinted from Tech. Paper 409, Crane Co., Chicago, Ill., by permission) 


Nominal 
pipe size 

Schedule 

No. 

Internal 

diameter 

Value of 

c 2 

Nominal 
pipe size 

Schedule 

No. 

Internal 

diameter 

Value of 

c* 

1 

40 


I 

6 

40 

6.065 

1.00 


80 


10,050 


80 

5.761 

1.28 


160 

0.815 

21,950 


120 

5.501 

1.62 






160 

5.189 

2.16 


40 


1,687 






80 

1.278 

2,455 

8 

30 

8.071 

0.249 


160 


3,935 


40 

7.981 

0.263 






60 

7.813 

0.291 

l H 

40 

1.610 

755 


80 

7.625 

0.328 


80 

1.500 

1,067 


100 

7.439 

0.369 


160 

1.338 

1,860 j 


120 

7.189 

0.435 






160 

6.813 

0.568 

2 

40 

2.067 

213 






80 

1.939 

291 

10 

30 

10.136 

0.0819 


160 

1.689 



40 

10.020 

0.0866 






60 

9.750 

0.0980 


40 

2.469 



80 

9.564 

0.109 


80 

2.323 

121 


100 

9.314 

0.1235 


160 

2.125 

188 


120 

9.064 

0.141 






140 

8.750 

0.168 

3 

40 


31.2 


160 

8.500 

0.193 


80 


40.9 






160 

2.626 

66.7 

12 

30 

12.090 

0.0344 






40 

11.938 

0.0366 


40 

3.548 



60 

11.626 

0.0420 


80 

3.364 

19.5 


80 

11.376 

0.0467 






100 

11.064 

0.0534 

4 

40 

■ 

7.73 


120 

10.750 

0.0615 


80 

3.826 

9.91 


140 

10.500 

0.0690 


120 

3.626 

12.8 


160 

10.126 

0.0823 


160 

3.438 

17.5 





5 

40 

5.047 

2.57 






80 

4.813 

3.18 






120 

4.563 

4.22 






160 

4.313 

5.52 
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1.06 


104 


1.02 


LOO 

* 

o 

S 0.98 
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> 

0.96 


0.94 


0.92 

200 300 400 500 600 700 800 900 1000 

Temperature, Deg.F. 

Fig. F-17.—Viscosity factors (C s ) for use in Eq. (F-12). {Reprinted from Technical 
Paper No. 409, Crane Co., Chicago, III., by permission.) 

Pressure drops for flow of gases through steel pipes may be con¬ 
veniently made by either the Spitzglass or the Weymouth formulas. 
Spitzglass formula for low-pressure gas, at 1 psig or less: 



M 3550 \&L(1 + 3.6/d + 0.03d) 
where M — SCF/hr 

hy, — pressure drop, measured as waterhead, in./ft 
S — specific gravity relative to air 
molecular weight 
= 2&9 

L = length of pipe, ft 
d = inside diameter of pipe, in. 

Weymouth formula for high-pressure gas: 


(F-13) 


M = 28.0d2.«67 ^j pl SL J l ™ (F-14) 

where M = SCF/hr 

d = inside pipe, diameter in. 

S = specific gravity relative to air 
L m = length of pipe, miles 
pi = initial pressure, psia 
p 2 = final pressure, psia 
T = absolute temperature, °R 
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4. Pressure Drops in Valves and Fittings 

Like pressure drops through orifices and nozzles, much of the 
pressure drop through valves and fittings is due to velocity changes. 
Friction is more important, but equations of form similar to those used 
in orifice calculations are applicable. The usual form is 



(F-15) 


where h = pressure loss in head fluid, ft 
K = experimental coefficient 

u = average velocity in pipe leading to valve (or fitting), fps 
g = 32.17, acceleration due to gravity, ft/sec 2 
Values of the experimental coefficients are given in Table F-17. 
These coefficients are reasonably accurate, provided the flow is 
turbulent. 

The “equivalent” length method, though less accurate than the 
foregoing, is much more convenient and is widely used. In this 


Table F-17.— Representative “K” Values for Various Valves and Fittings 
K is experimental coefficient for use in Eq. (F-15) 

(Reprinted from Tech. Paper 409, Crane Co., Chicago, Ill., by permission) 

Type K Authority 


Globe valve. 10.0 

Angle valve. 5.0 

Swing check valve (fully open). 2.5 

Close return bend. 2.2 

Standard tee. 1.8 

Standard elbow. 0.9 

Medium-sweep elbow. 0.75 

Long-sweep elbow. 0.60 

45-deg elbow. 0.42 

Gate valve (fully open). 0.19 

closed. 1.15 

H closed. 5.6 

Y± closed. 24.0 

Borda entrance.. 0.83 

Sudden enlargement: 

d L /d 2 = H . 0.92 

di/d 2 - y 2 . 0.56 

djd 2 = % . 0.19 

Ordinary entrance. 0.5 

Sudden contraction: 

d 2 /dx = yi . 0.42 

d 2 /di - K . 0-33 

dt/dx = % . 0.19 


Crane tests 
Crane tests 
Crane tests 

Giesecke & Badgett 

{ Giesecke & Badgett 
Crane tests 

Univ. Texas Bull. 2712 
Univ. Texas Bull. 2712 
Univ. Wisconsin Bull . 252 
Univ. Wisconsin Bull. 252 
Univ. Wisconsin Bull. 252 
Univ. Wisconsin Bull. 252 
Daugherty, “Hydraulics” 

Daugherty, 11 Hydraulics ’' 
Daugherty, “ Hydraulics * ’ 
Daugherty, “Hydraulics” 
Daugherty, “ Hydraulics 19 

Daugherty, “Hydraulics” 
Daugherty, “Hydraulics” 
Daugherty, “ Hydraulics ” 
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method, the valve or fitting is said to be equivalent to so many feet 
or so many “pipe diameters” of pipe. This length is added to the 
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Fig. F-18.—Resistance of valves and fittings to flow of fluids. (Reprinted from Tech¬ 
nical Paper No. 409, Crane CoChicago , III., by permission.) 


pipe length, and the entire pressure drop is computed at once. Figure 
F-18 gives such equivalent lengths. 
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5. Pipe and Fitting Data 

The exposed areas (and pipe lengths of same areas) for valves and 
fittings are given in Table F-18. Data on steel and iron pipe sizes 
are given in Table F-19 and similar data for condenser tubes in Table 
F-20. 


Table F-18.— Total Radiating Area of Flanged Fittings 
(Including accompanying flanges) 

(Reprinted from “Heat Insulation Handbook,” Ehret Magnesia Manufacturing 
Co., Valley Forge, Pa., by permission) 

In square feet and in equivalent length of same size pipe 


Standard weight fittings 


Pipe 

Flanged 

couplings 

90-deg ells 

Long-radius 

ells 

Tees 

Crosses 

size, 

in. 

Area, 
sq ft 

Pipe 

length, 

ft 

Area, 
sq ft 

Pipe 

length, 

ft 

Area, 
sq ft 

Pipe 

length, 

ft 

Area, 
sq ft 

Pipe 

length, 

ft 

Area, 
sq ft 

Pipe 

length, 

ft 

1 

0.32 

0.93 

0.79 

2.31 

0.89 

2.59 

1.24 

3.59 

1.62 

4.72 

m 

0.38 

0.88 

0.96 

2.20 

1.08 

2.49 

1.48 

3.40 

1.94 

4.47 


0.48 

0.95 

1.17 

2.35 

1.34 

2.68 

1.82 

3.64 

2.38 

4.78 

2 

0.67 

1.08 

1.65 

2.65 

j 1.84 

2.96 

2.54 

4.08 

3.32 

5.34 

2H 

0.84 

1.12 

2.09 

2.78 

! 2.32 

3.08 

3.21 

4.26 

4.19 

5.56 

3 

0.95 

1.03 

2.38 

2.60 

2.68 

2.93 

3.66 

3.99 

4.77 

5.70 

3K 

1.12 

1.07 

2.98 

2.85 

1 3.28 

3.13 

4.48 

4.28 

1 5.83 

5.56 

4 

1.34 

1.14 

3.53 

2.90 

3.96 

3.36 

5.41 

4.59 

7.03 

5.97 


1.47 

1.13 

3.95 

3.01 

4.43 

3.38 

6.07 

4.63 

7.87 

6.01 

5 

1.62 

1.11 

4.44 

3.05 

5.00 

3.43 

6.81 

4.67 

8.82 

6.06 

6 

1.82 

1.05 

5.13 

2.95 

5.99 

3.45 

7.84 

4.53 

10.08 

5.81 

7 

2.17 

1.05 

6.17 

3.09 

7.38 

3.70 

9.37 

4.69 

12.00 

6.01 

8 

2.41 

1.07 

6.98 

3.09 

| 8.56 

3.79 

10.55 

4.67 

13.44 

5.96 

9 

3.00 

1.19 

8.71 

3.46 

10.57 

4.20 

13.18 

5.23 

16.78 

6.66 

10 

3.43 

1.22 

10.18 

3.61 

12.35 

4.38 

15.41 

5.47 

19.58 

6.95 

12 

4.41 

1.32 

13.08 

3.92 

16.35 

4.90 

19.67 

5.89 

24.87 

7.45 

14 

5.39 

1.47 

16.38 

4.47 

20.17 

5.47 

24.81 

6.78 

31.48 

8.60 

16 

6.69 

1.60 

20.17 

4.82 

25.41 

6.07 

30.32 

7.23 

38.34 

9.15 
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Weight 
of pipe 
per ft, lb 

0.25 

0.32 

0.43 

0.54 

0.57 

0.74 

0.85 

1.09 

1.31 

1.13 

1.48 

1.94 

1.68 

2.17 

2.85 

Capacity at 1 ft/sec 
velocity 

Lb/hr 

water 

89.5 

56.0 

161.5 
112.0 

298.0 

220.0 

472.5 
365.0 

264.5 

832.5 

672.5 
462.0 

1,345.0 

1,120.0 

812.5 

U.S. 

gpm 

0.179 

0.112 

0.323 

0.224 

0.596 

0.440 

0.945 

0.730 

0.529 

1.665 

1.345 

0.924 

2.690 

2.240 

1.625 

Circumference, 
ft, or surface, 
sq ft/ft, of length 

Inside 

0.0705 

0.0563 

0.0954 

0.0792 

0.1293 

0.1110 

0.1630 

0.1430 

0.1220 

0.2158 

0.1942 

0.1610 

0.2745 

0.2505 

0.2135 

Outside 

0.106 

0.106 

0.141 

0.141 

0.177 

0.177 

0.220 

0.220 

0.220 

0.275 

0.275 

0.275 

0.344 

0.344 

0.344 

Inside 
sectional 
area, 
sq ft 

0.00040 

0.00025 

0.00072 

0.00050 

0.00133 

0.00098 

0.00211 

0.00163 

0.00118 

0.00371 

0.00300 

0.00206 

0.00600 

0.00499 

0.00362 

Cross- 

sectional 

area 
metal, 
sq in. 

0.072 

0.093 

0.125 

0.157 

0.167 

0.217 

0.250 

0.320 

0.384 

0.333 

0.433 

0.570 

0.494 

0.639 

0.837 

Inside 

diam., 

in. 

0.269 

0.215 

0.364 

0.302 

0.493 

0.423 

0.622 

0.546 

0.466 

0.824 

0.742 

0.614 

1.049 

0.957 

0.815 

Wall 
thick¬ 
ness, in. 

0.068 

0.095 

0.088 

0.119 

0.091 

0.126 

0.109 

0.147 

0.187 

0.113 

0.154 

0.218 

0.133 

0.179 

0.250 

Schedule 

No. 

§3 §§! § 8 § §88 §88 

Outside 

diam., 

in. 

0.405 

0.540 

0.675 

0.840 

1.050 

1.315 

Nominal 
pipe 
size, in. 

NO0 \* S30 NM \Tf 

w'- 05\ co\ 

1—* 
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Weight 
of pipe 
per ft, lb 

N 00 h o o O ^ CO H M 

O N CO C5 00 iO N^OOiOMOOS^ OO © 

hnnm i-hwco^ eqco^ 

Capacity at 1 ft/sec 
velocity 

Lb/hr 

water 

31,150.0 

28,850.0 

25,500.0 

22,750.0 

45,000.0 

40,550.0 

36,950.0 

32,900.0 

80,750.0 

79,700.0 

77,850.0 

74,700.0 

71,150.0 

67,650.0 

63,250.0 

60,000.0 

56,750.0 

128,500.0 

126,000.0 

123,000.0 

U.S. 

gpm 

CO 1> © © © H Oi 00 iC^N^WC0»O©»O ©o© 

IN N H iO © H M U? H©iOO5(NiO©©C0 Csl C© 

CO no i© Tfi C5 00 l> CO i© iO 

Circumference, 
ft, or surface, 
sq ft/ft, of length 

Inside 

1.322 

1.263 

1.197 

1.132 

1.590 

1.510 

1.445 

1.360 

2.130 

2.115 

2.090 

2.050 

2.000 

1.947 

1.883 

1.835 

1.787 

2.685 

2.655 

2.620 

Outside 

1.456 

1.456 

1.456 

1.456 

1.734 

1.734 

1.734 

1.734 

2.258 

2.258 

2.258 

2.258 

2.258 

2.258 

2.258 

2.258 

2.258 

2.814 

2.814 

2.814 

Inside 
sectional 
area, 
sq ft 

0.1390 

0.1263 

0.1136 

0.1015 

0.2006 

0.1810 

0.1650 

0.1469 

0.3601 

0.3553 

0.3474 

0.3329 

0.3171 

0.3018 

0.2819 

0.2673 

0.2532 

0.5731 

0.5603 

0.5475 

Cross- 

sectional 

area 
metal, 
sq in. 

4.304 

6.112 

7.953 

9.696 

5.584 

8.405 

10.71 

13.32 

6.570 

7.260 

8.396 

10.48 

12.76 

14.96 
17.84 
19.93 

21.97 

8.24 

10.07 

11.90 

Inside 

diam., 

in. 

5.047 

4.813 
4.563 
4.313 

6.065 

5.761 

5.501 

5.189 

8.125 

8.071 

7.981 

7.813 
7.625 
7.439 

7.189 
7.001 

6.813 

10.250 

10.136 

10.020 

Wall 
thick¬ 
ness, in. 

0.258 

0.375 

0.500 

0.625 

0.280 

0.432 

0.562 

0.718 

0.250 

0.277 

0.322 

0.406 

0.500 

0.593 

0.718 

0.812 

0.906 

0.250 

0.307 

0.365 

Schedule 

No. 

§ S § § § M § § ScO§SoO©§§© § W § 

T—l»—( l H t— 1 i—■( 

Outside 

diam., 

in. 

5.563 

6.625 

8.625 

10.75 

Nominal 
pipe 
size, in. 

5 

6 

8 

10 
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* Based on A.S.A. Standards B36.10. 
t Designates former “standard” sizes. 
t Former “extra strong.” 
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* Based on A.S.A. Standards B36.10. 
t Designates former “standard” sizes. 
X Former “extra strong.” 
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Table F-20. —Condenser and Heat-exchanger Tube Dimensions 
(Perry, “ Chemical Engineers’ Handbook, 2d ed., McGraw-Hill Book Company, 

Inc., New York, 1941) 


Out¬ 

side 

diam., 

in. 

Wall thickness 

In¬ 

side 

diam., 

in. 

Cross- 

sec¬ 

tional 

area 
metal, 
sq in. 

Inside 

sec¬ 

tional 

area, 
sq ft 

Circumference, 
ft, or surface, 
sq ft/ft of length 

Veloc- 
' ity, fps 
for 1 
U.S. 

gpm 

Capacity at 

1 fps velocity 

Weight 
per ft, 

lbt 

B.W.G. 

and 

Stubs’ 

gauge* 

In. 

U.S. 

gpm 

Lb/hr 

water 

Out¬ 

side 

In¬ 

side 

y* 

14 

0.083 

0.084 

0.0435 

0.000039 

0.0654 

0.0219 

57.14 

0.0175 

8.75 

0.161 


16 

0.065 

0.120 

0.0377 

0.000079 

0.0654 

0.0314 

28.20 

0.0355 

17.73 

0.140 


18 

0.049 

0.152 

0.0309 

0.000126 

0.0654 

0.0397 

17.68 

0.0566 

28.30 

0.115 


20 

0.035 

0.180 

0.0236 

0.000177 

0.0654 

0.0471 

12.59 

0.0794 

39.70 

0.0876 


22 

0.028 

0.194 

0.0195 

0.000205 

0.0654 

0.0507 

10.869 

0.0920 

46.00 

0.0724 


24 

0.022 

0.206 

0.0157 

0.000231 

0.0654 

0.0539 

9.645 

0.1037 

51.85 

0.0584 

H 

14 

0.083 

0.209 

0.0761 

0.000238 

0.0981 

0.0547 

9.362 

0.1068 

53.40 

0.282 


16 

0.065 

0.245 

0.0633 

0.000327 

0.0981 

0.0641 

6.814 

0.1468 

73.40 

0.235 


18 

0.049 

0.277 

0.0501 

0.000418 

0.0981 

0.0725 

5.330 

0.1876 

93.80 

0.186 


20 

0.035 

0.305 

0.0373 

0.000507 

0.0981 

0.0798 

4.395 

0.2275 

113.8 

0.139 


22 

0.028 

0.319 

0.0305 

0.000555 

0.0981 

0.0835 

4.015 

0.2494 

124.7 

0.113 


24 

0.022 

0.331 

0.0243 

0.000597 

0.0981 

0.0866: 

3.732 

0.2679 

134.0 

0.0904 

H 

12 

0.109 

0.282 

0.1338 

0.000433 

0.1309 

0.0748 

5.142 

0.1945 

97.25 

0.493 


14 

0.083 

0.334 

0.1087 

0.000608 

0.1309 

0.0874 

3.662 

0.2730 

136.5 

0.403 


16 

0.065 

0.370 

0.0888 

0.000747 

0.1309 

0.0969 

2.981 

0.3352 

167.5 

0.329 


18 

0.049 

0.402 

0.0694 

0.000882 

0.1309 

0.1052 

2.530 

0.3952 

197.6 

0.258 


20 

0.035 

0.430 

0.0511 

0.001009 

0.1309 

0.1125 

2.209 

0.4528 

226.4 

0.190 

H 

10 

0.134 

0.357 

0.2067 

0.000695 

0.1636 

0.0935 

3.206 

0.3119 

156.0 

0.769 


11 

0.120 

0.385 

0.1904 

0.000808 

0.1636 

0.1008 

2.758 

0.3626 

181.3 

0.708 


12 

0.109 

0.407 

0.1767 

0.000903 

0.1636 

0.1066 

2.468 

0.4053 

202.7 

0.657 


13 

0.095 

j 0.435 

0.1582 

0.00103 

0.1636 

0.1139 

2.163 

0.4623 

231.2 

0.588 


14 

0.083 

0.459 

0.1460 

0.00115 

0.1636 

0.1202 

1.938 j 

0.5161 

258.1 

0.526 


15 

0.072 

0.481 

0.1250 

0.00126 

0.1636 

0.1259 

1.768 

0.5655 

258.9 

0.465 


16 

0.065 

0.495 

0.1143 

0.00134 

0.1636 

0.1296 

1.663 

0.6014 

300.7 

0.425 


17 

0.058 

0.509 

0.1033 

0.00141 

0.1636 

0.1333 

1.580 

0.6328 

316.4 

0.384 


18 

0.049 

0.527 

0.0887 

0.00151 

0.1636 

0.1380 

1.476 

0.6777 

338.9 

0.330 


19 

0.042 

0.561 

0.0596 

0.00160 

0.1636 

0.1469 

1.393 

0.7181 

359.1 

0.286 

H 

1 

10 

0.134 

0.482 

0.2593 

0.00127 

0.1963 

0.1262 

1.754 

0.5700 

235.0 

0.965 


11 

0.120 

0.510 

0.2375 

0.00142 

0.1963 

0.1335 

1.569 

0.6373 

318.7 

0.884 


12 

0.109 

0.532 

0.2195 

0.00154 

0.1963 

0.1393 

1.447 

0.6912 

345.6 

0.817 


13 

0.095 

0.560 

0.1955 

0.00171 

0.1963 

0.1466 

1.303 

0.7674 

383.7 

0.727 


14 

0.083 

0.584 

0.1739 

0.00186 

0.1963 

0.1529 

1.198 

0.8348 

417.4 

0.647 


15 

0.072 

0.606 

0.1534 

0.00200 

0.1963 

0.1587 

1.114 

0.8976 

448.8 

0.571 


16 

0.065 

0.620 

0.1398 

0.00210 

0.1963 

0.1623 

1.061 

0.9425 

471.3 

0.520 


17 

0.058 

0.634 

0.1261 

0.00219 

0.1963 

0.1660 

1.017 

0.9829 

491.5 

0.469 


18 

0.049 

0.652 

0.1079 

0.00232 

0.1963 

0.1707 

0.962 

1.041 

520.5 

0.401 


19 

0.042 

0.666 

0.0934 

0.00242 

0.1963 

0.1744 

0.920 

1.086 

543.0 

0.348 

H 

9 

0.148 

0.579 

0.3380 

0.00183 

0.2291 

0.1516 

1.218 

0.8213 

410.7 

1.26 


10 

0.134 

0.607 

0.3119 

0.00201 

0.2291 

0.1589 

1.109 

0.9021 

451.1 

1.16 


* B.W.G. * Birmingham wire gauge, commonly used for ferrous tubing; it is identical with 
Stubs’ «■ Stubs’ iron-wire gauge. 

t In brass, sp gr = 8.56; sp gr of steel = 7.8. 
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Table F-20.—Condenser and Heat-exchanger Tube Dimensions ( Continued) 


Out¬ 

side 

diam., 

in. 

Wall thi. 

B.W.G. 

and 

Stubs’ 

gauge* 

skness 

In. 

In¬ 

side 

diam., 

in. 

Cross- 

sec¬ 

tional 

area 

metal, 
sq in. 

Inside 

sec¬ 

tional 

area, 
sq ft 

Circumference, 
ft, or surface, 
sq ft/ft of length 

l 

Veloc¬ 
ity, fps 
for 1 
U.S. 

gprn 

1 

Capacity at 

1 fps velocity 

Weight 
per ft, 

lbt 

U.S. 

gpm 

Lb/hr 

water 

Out¬ 

side 

In¬ 

side 

H 

11 

0.120 

0.635 

0.2846 

0.00220 

0.2291 

0.1662 

1.012 

0.9874 

493.7 

1.06 


12 

0.109 

0.657 

0.2623 

0.00235 

0.2291 

0.1720 

0.948 

1.055 

527.5 

0.976 


13 

0.095 

0.685 

0.2328 

0.00256 

0.2291 

0.1793 

0.870 

1.149 

574.5 

0.866 


14 

0.083 

0.709 

0.2065 

0.00274 

0.2291 

0.1856 

0.813 

1.230 

615.0 

0.768 


15 

0.072 

0.731 

0.1816 

0.00291 

0.2291 

0.19141 

0.766 

1.306 

653.0 

0.676 


16 

0.065 

0.745 

0.1654 

0.00303 

0.2291 

0.1950 

0.735 

1.360 

680.0 

0.615 


17 | 

0.058 

0.759 

0.1488 

0.00314 

0.2291 

0.1987 

0.709 

1.409 

704.5 

0.554 


18 

0.049 

0.777 

0.1271 

0.00329 

0.2291 

0.2034 

0.678 

1.477 

738.5 

0.473 


19 

0.042 

0.791 

0.1099 

0.00341 

0.2291 

0.2071 

0.654 

1.530 

751.5 

0.409 

1 

7 

0.180 

0.640 

0.4637 

0.00223 

0.2618 

0.1676 

0.999 

1.001 

500.5 

1.73 


8 

0.165 

0.670 

0.4328 

0.00245 

0.2618 

0.1754 

0.909 

1.100 

505.0 

1.61 


9 

0.148 

0.704 

0.3962 

0.00270 

0.2618 

0.1843 

0.826 

1.212 

606.0 

1.47 


10 

0.134 

0.732 

0.3654 

0.00292 

0.2618 

0.1916 

0.763 

1.310 

655.0 

1.36 


11 

0.120 

0.760 

0.3318 

0.00315 

0.2618 

0.1990 

0.707 

1.414 

707.0 

1.23 


12 

0.109 

0.782 

0.3051 

0.00334 

0.2618 

0.2048 

0.667 

1.499 

750.0 

1.14 


13 

0.095 

0.810 

0.2701 

0.00358 

0.2618 

0.2121 

0.622 

1.607 

803.5 

1.00 


14 ! 

0.083 

0.834 

0.2391 

0.00379 

0.2618 

0.2183 

0.588 

1.701 

850.5 

0.890 


15 

0.072 

0.856 

0.2099 

0.00400 

0.2618 

0.2241 

0.557 

1.795 

897.5 

0.781 


16 

0.065 

0.870 

0.1909 

0.00413 

0.2618 

0.2277 

0.538 

1.854 

927.0 

0.710 


17 

0.058 

0.884 

0.1716 

0.00426 

0.2618 

0.2314 

0.523 

1.912 

956.0 

0.639 


18 

0.049 

0.902 

0.1463 

0.00444 

0.2618 

0.2361 

0.501 

1.993 

996.5 

0.545 


19 

0.042 

0.916 

0.1264 

0.00458 

0.2618 

0.2398 

0.486 

2.056 

1028.0 

0.470 


7 ' 

0.180 

0.765 

0.5355 

0.00319 

0.2945 

0.2003 

0.698 

1.432 

716.0 

1.99 


8 

0.165 

0.795 

0.4979 

0.00345 

0.2945 

0.2081 

0.646 

1.548 

774.0 

1.85 


9 

0.148 

0.829 

0.4546 

0.00375 

0.2945 

0.2170 

0.594 

1.683 

841.5 

1.69 


10 

0.134 

0.857 

0.4175 

0.00401 

0.2945 

0.2244 

0.556 

1.800 

900 

1.55 


11 

0.120 

0.885 

0.3792 

0.00427 

0.2945 

0.2317 

0.521 

1.916 

958 

1.41 


12 

0.109 

0.907 

0.3479 

0.00449 

0.2945 

0.2375 

0.496 

2.015 

1008 

1.29 


13 

0.095 

0.935 

0.3074 

0.00477 

0.2945 

0.2448 

0.467 

2.141 

1071 

1.14 


14 

0.083 

0.959 

0.2717 

0.00502 

0.2945 

0.2511 

0.443 

2.253 

1127 

1.01 


15 

0.072 

0.981 

0.2381 

0.00525 

0.2945 

0.2568 

0.424 

2.356 

1178 

0.886 


16 

0.065 

0.995 

0.2165 

0.00540 

0.2945 

0.2605 

0.412 

2.424 

1212 

0.805 


17 

0.058 

1.009 

0.1944 

0.00555 

0.2945 

0.2642 

0.401 

2.491 

1246 

0.723 


18 

0.049 

1.029 

0.1624 

0.00575 

0.2945 

0.2694 

0.387 

2.581 

1291 

0.616 


19 

0.042 

1.041 

0.1429 

0.00591 

0.2945 

0.2725 

0.377 

2.652 

1326 

0.532 

i v* 

7 

0.180 

0.890 

0.6051 

0.00432 

0.3271 

0.2330 

0.516 

1.939 

969.5 

2.25 


8 

0.165 

0.920 

0.5624 

0.00462 

0.3271 

0.2409 

0.482 

2.073 

1037 

2.09 


9 

0.148 

0.954 

0.5124 

0.00496 

0.3271 

0.2498 

0.449 

2.226 

1113 

1.91 


10 

0.134 

0.982 

0.4698 

0.00526 

0.3271 

0.2572 

0.424 

2.361 

1181 

1.75 


11 

0.120 

1.010 

0.4260 

0.00556 

0.3271 

0.2644 

0.401 

2.495 

1248 

1.58 


12 

0.109 

1.032 

0.3907 

0.00581 

0.3271 

0.2701 

0.384 

2.608 

1304 

1.45 


13 

0.095 

1.060 

0.3447 

0.00613 

0.3271 

0.2775 

0.363 

2.751 

1376 

1.28 


* B.W.G. = Birmingham wire gauge, commonly used for ferrous tubing; it is identical with 
Stubs’ = Stubs’ iron-wire gauge. 

t In brass, sp gr = 8.56; sp gr of steel = 7.8. 




224 


MANUAL FOR PROCESS ENGINEERING 


Table F-20.—Condenser and Heat-exchanger Tube Dimensions ( Continued) 



•B.W.G. Birmingham wire gauge, commonly used for ferrous tubing; it is identical with 
Stubs* ■» Stubs’ iron-wire gauge. 

t In brass, sp gr - 8.56; sp gr of steel — 7.8. 
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Table F-20.—Condenser and Heat-exchanger Tube Dimensions ( Concluded ) 



* B.W.G. « Bir ming ham wire gauge, commonly used for ferrous tubing; it is identical with 
Stubs’ -» Stubs’ iron-wire gauge. 

t In brass, sp gr — 8.56; sp gr of steel « 7,8, 
























































































CHAPTER G 


HEAT TRANSFER 

Heat transfer is important to all industry. Since it is of special 
importance to chemical plants, it would be desirable for all process 
engineers to be experts on heat transfer. The subject is so complex 
and comprehensive that all but a few engineers are well advised to 
depend on those more expert for the final design of critical heat-transfer 
equipment. This chapter presents data for estimating the simpler 
types of heat transfer. The accompanying discussion of theory is 
extremely brief and, alone, would not give the reader an adequate 
grasp of the subject. A few of the many excellent texts on the subject 
are listed below. 

Schack, Goldschmidt, and Partridge, “Industrial Heat Transfer,” John Wiley & 
Sons, Inc., New York, 1933. 

McAdams, “Heat Transmission,” 2d ed., McGraw-Hill Book Company, Inc., 
New York, 1942. 

Stoever, “Applied Heat Transmission,” McGraw-Hill Book Company, Inc., 
New York, 1941. 

Croft, “Thermodynamics, Fluid Flow and Heat Transmission,” McGraw-Hill 
Book Company, Inc., New York, 1938. 

Badger, “Heat Transfer and Evaporation,” Chemical Catalog Company, Inc., 
New York, 1926. 

1. General Theory of Heat Flow 

a. Types of Heat Transfer. —There are three principal mechanisms. 
Radiation is one that is familiar to anybody who has sat in the sun or 
stood in front of an open-hearth steel furnace. The heat is carried by 
radiation of visible and invisible light rays. Even cold objects emit 
some radiant energy which may be received by any object that is still 
colder. 

Thermal conduction occurs wherever temperature inequalities exist. 
If a steel bar is heated on one end, the other end soon becomes warm. 

Convection , the third method of thermal transfer, results from 
physical movement of matter. For example, the movement of hot air 
from a register carries heat into a cold room, and the heat reaches the 
far corners by the physical mixing of cold and warm air. Boiling 
liquids, condensing vapors, freezing liquids, and melting solids also 
involve movement of material and are classed as convection. 

m 
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b. General Methods of Attack. —Several mechanisms proceed con¬ 
currently in most industrial heat transfer. For example, in u. water 
heater, heat travels from the burning gases to the tube walls by 
radiation and convection, through the tube metal by conduction, and, 
finally, to the water by convection. If all the intermediate tempera 
tures were known, the transfer of heat could be estimated from any one 
of the three steps. However, usually the intermediate conditions are 
unknown and all types of transfer must ultimately be treated together. 
This would be extremely difficult were it not that procedures have been 
developed that permit the calculations to be performed in steps. 

The keys for understanding this division of operations are the 
concepts of thermal resistance and mean temperature difference. 
Thermal resistance is analogous to electrical resistance. It permits 
the definition of the over-all heat-transfer coefficient. The mean 
temperature difference has much the significance implied by the name 
and is a mathematical expedient of great utility. The procedures used 
vary with the nature of the particular problem and the preference of 
the worker. However, one method is below outlined in illustration: 

1. Compute the material flows, and the rate of heat transfer 
required to accomplish task. 

2. Compute temperature differences between the two fluids and 
from this compute the mean temperature difference. 

3. Make a preliminary design of equipment. For example, if a 
tube and shell exchanger is proposed, choose the number, size, and 
spacing of the tubes and the baffle type and spacing. 

4. Compute the fluid velocities from the results of (1) and (3) and 
estimate the film coefficients, metal resistance, and fouling factors 
involved in each step of heat transfer. 

5. From these individual coefficients, estimate the over-all heat- 
transfer coefficient. This is done either by adding thermal resistances 
or by use of a formula based thereon. 

6. From the results of (1), (2), and (5) compute the heat-transfer 
area (based on the external area of tubes or other appropriate surface) 
required. 

7. Deter min e whether this surface can be secured with only modest 
changes from the preliminary design made in step (3). If so, the 
solution is complete. 

8. If the result of (7) shows the preliminary design to be an imprac¬ 
tical one, a new design must be made and steps (4) to (7) repeated*. 

2. Radiation 

a. Thermal Radiation.—The laws governing the emission of radiant 
energy were derived by considering a “Hohlraum,” a closed space 
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filled only with the radiation in equilibrium with the walls. From the 
laws of thermodynamics and quantum mechanics the quantity (and 
also quality distribution of wave lengths) may be derived. 

3 - 0173 Gas)* 

where Q = Btu/hr (radiant energy leaving surface) 

A = area of surface 
T = absolute temperature, °R 

If the surface is isolated and can receive no radiant energy from any 
source, the above equation gives the maximum amount that can be 
emitted and is termed the “black-body radiation.” To secure the 
actual emission, the black-body radiation must be multiplied by an 
experimental factor called “emissivity.” 

In general, the engineer is not interested in isolated surfaces, but 
rather in the transfer of heat to or from one surface to others. In this 
case radiant energy is both emitted and absorbed. The net transfer 
is given by the following equation: 

«■ - °i 7 M(otT - (ot)‘] ^ < G -» 

~ 017SA ‘ F {m)‘- o mA ‘ F (m)‘ 

where Qi = net radiant energy leaving surface 1, Btu/hr 
A i = area of surface 1, sq ft 
T i = temperature of surface 1, °R 
T 2 = temperature of surface 2, °R 

F — factor depending on emissivities and geometrical arrange¬ 
ment (see Table G-l) 

This equation is based on the assumptions that the medium between 
the surfaces does not absorb any of the radiant energy and that the 
emissivity and absorptivity are the same. The factor F is evaluated 
from the surface emissivities and the laws of optics. Table G-l 
permits computation for a few simple cases; values of emissivities are 
given in Table G-2. Figure G-l will be found useful in calculations 
based on Eq. (G-l). 

Very frequently radiant transfer is a small fraction of the total and 
may be neglected. Where radiation is a factor in heat exchangers, the 
radiant heat loss may be expressed as Btu/(hr)(sq ft) (°F) and added 
to the convection coefficient. This is done by guessing the unknown 
temperature, computing the radiation on that basis, and dividing the 
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Table G-l.— Factors for Use in Eg. (G-l) 

«i = emissivity of surface 1 
€2 = emissivity of surface 2 

Arrangement of Surfaces Emissivity Factor, F 

Surface 1 small compared to surface 2 (for example, heat loss 
of equipment to surroundings). e , 

Two parallel planes of equal area when length and breadth are 
large compared to distance between them. 


Surface 1 is cylinder (radius = n) inside larger concentric 
cylinder (radius = r 2 ) when length is large compared to 
diameter. 

Surface 1 is sphere (radius = n) inside of concentric sphere 
(radius = r 2 ). 



Note: Factors based on surface separated by transparent medium. 


Table G-2.— Emissivities of Surfaces 


Surface 

Temperature, °F 

Emissivity 

Dull brass. 

120-660 

0.22 

Oxidized copper. 

77 

0.7S 

Rolled sheet steel. 

70 

0.66 

Oxidized iron. 

67 

0.74 

Cast plate, smooth. 

73 

0.80 

Brick: 



Building. 

.... 

0.80-0.95 

Refractory. 


0.75-0.90 

Aluminum paint. 


0.3-0.6 

Oil paint. 

212 

0.92-0.96 

Roofing paper. 

69 

0.91 


rate by the temperature difference. This expedient is mathematically 
unsound but is a justifiable approximation, provided the assumed 
temperature is reasonably close to that found by a final computation. 1 

1 See McAdams, “Heat Transmission/’ 2d ed., McGraw-Hill Book Company, 
Inc., New York, 1942, for a complete discussion. 
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Note: Loss = Radiation at surface temperature less radiation at surrounding 
temperature [see Eq. (G-l)]. 

Fig. G-l.—Chart for computing radiation losses. 

b. Solar Radiation. —During the day, open equipment is heated by 
sunlight. Figure G-2 gives data on solar radiation and may be used 
for the estimation of the maximum heating effect of the sun on clear 
days. The fraction of this absorbed depends on the absorptivity 
which may be taken as equal to the emissivity for approximate calcu¬ 
lations. Table G-3 gives experimental values of the rise in tempera¬ 
ture produced on different surfaces exposed to the sun. 
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Table G-3. Daily Mean Rise in Temperature of Test Panels Exposed to 

the Sun 

(Nat. Bur. Standards , Building Materials and Structures Report BMS64) 



Aug. 2, 
1939 

Aug. 3, 
1939 

! 

Aug. 1, 
1939 

July 31, 
1939 

Aug. 7, 
1939 

Panel inclination from horizontal, 
deg. 

90 

90 

60 

45 

30 


°F 

°F 

°F 

°F 

°F 

Black (lampblack). 

■ ■ 

20.9 

21.0 

37.4 

46.3 

48.5 

Galvanized iron. 

16.1 

15.3 

28.1 

32.0 

37.7 

Roofing shingle: 

Aluminum. 

19.4 

20.2 

34.1 

40.7 

41.6 

Green. 

19.5 

20.7 

33.3 

41.3 

43.4 

Red. 

21.5 

23.1 

37.2 

44.8 

46.0 

Aluminum foil. 

9.8 

8.3 

15.0 

17 3 

19.7 

White road-marking paint. 

12.3 

12.1 

19.7 

22.9 

24.7 

Aluminum paint. 

14.6 

14.5 

24.4 

29.0 

29.3 

Glossy white paint. 

8.9 

7.9 

12.1 

13.0 

15.5 

Flat white paint. 

9.1 

8.3 

13.2 

15.6 

17.2 

Ivory paint. 

10.2 

9.3 

14.9 

16.8 

19 2 

Canary-yellow paint. 

10.9 

10.4 

16.7 

19.2 

21.6 

Pearl-gray paint. 

13.3 

13.7 

20.3 

24.3 

25.6 

Silver-gray paint. 

13.9 

14.2 

20.3 

24.6 

26.3 

Light lead paint. 

15.1 

15.2 

22.9 

27.4 

29.7 

Slate paint. 

16.8 

17.1 

26.7 

32.4 

35.4 

Medium-green paint (trim color). 

20.4 

20.5 

35.3 

42.7 

46.3 



Fig. G-2.— Solar intensity normal to sun on horizontal surface and on walls for 
Aug. 1 at 40 deg North latitude. (Reprinted from Heating Ventilating Air Con¬ 
ditioning Guide 1942, p. 144.) 
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3. Conduction 


a. Steady Conduction. —If two faces of a solid are maintained at 
different fixed temperatures, heat will flow through the metal at a 
steady rate. Most industrial heat-exchange equipment operates under 
conditions of steady heat conduction; that is, local temperatures and 
heat-flow rates change but slowly from one hour to the next. The 
relations for steady conduction reduce to the following very simple 
basic equation: 


dQ _ dt 

dA ~ dx 


(G-2) 


where Q = heat flow, Btu/hr 

A = area at right angles to direction of heat flow, sq ft 
t = temperature, °F 

x — position relative to any fixed plane, and measured in 
the direction of heat flow, ft 
k — thermal conductivity, Btu/(hr) (sq ft) (°F/ft) 

Equation (G-2) may readily be integrated over the volume of the 
body to obtain the over-all transfer through it. For the two most 
common cases it becomes 

Q = — kA~ (slab of large area) (G-3) 

Q= ~ k IniAo/t) f (1 ° ng pipe) (G ' 4) 


where Q = heat transferred, Btu/hr 

k = thermal conductivity, Btu/(hr) (sq ft) (°F/ft) 

A = surface area slab, sq ft 
Ao = outside area pipe, sq ft 
A x = inside area pipe, sq ft 

A m = logarithmic mean of A 0 and A iy sq ft (A m may be com¬ 
puted by Fig. G-13) 

At = temperature difference between hot and cold side of wall, °F 
L = wall thickness, ft 

Equation (G-2) may also be used when the heat conduction is 
through several layers of different materials. Integrations in the case 
of slabs and pipes are given below: 


Q = A At 


1 



+ • • • 


(G-5) 
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Q 


= M 


_ 1 

hi hi + hi 

kiAi k 2 A 2 ksA$ 


+ * • • 


(GW) 


where Q = heat transferred, Btu/hr 

At = temperature difference between hottest and coldest 
surface 

Li, L 2 , Lz = thickness of layers 1, 2, 3, ft 

ki, k 2 , kz = thermal conductivities, Btu/(hr) (sq ft) (°F/ft) of layers 
A = slab area, sq ft 

Ai, A 2 , Az = logarithmic mean area of pipe components of layers 1, 2, 
3, sq ft 

b. Thermal Conductivity Data. —Table G-4 gives data on metals 
and Table G-5 gives conductivities of insulating materials. 


Table G-4.— Thermal Conductivities of Metals 
Values given in Btu/(hr)(sq ft)(°F/ft) 

Values given in parentheses are extrapolated more than 50°F 


Metal 



Temperature, ' 

°F 



1 

Refer¬ 

ence 

0 

100 

200 

300 

400 

600 

800 

1000 

Aluminum. 

116 

117 

118 

121 

124 

134 

147 


1, 2 

Brass (70% Cu). 

55 

58 

60 

62 

63 

66 

67 


1 

Cast iron. 

(33) 

(32) 

31 

30 

29 

28 

26 

(23) 

3 

Cast, high-silio.on iron. . . 


(30) 







1 

Copper (pure). 

225 

' 222 

219 

217 

215 

211 

209 

206 

1 

Iron (99.9%). 

(42) 

(40) 

38 

37 

35 

32 

28 

24 

3 

Lead. 

21 

20 

19 

18 

18 




1, 2 

Nickel. 

37 

35 

34 

33 

33 

32 



1 

Monel. 


15 







4 

Steel: 










0.1% C. 

(36) 

35 

33 

30 

28 

26 

1 24 

23 

2,4 

0.8% C (quenched)... 


(24) 

24 

24 

23 

23 

21 


3 

18-8 Cr-Ni (low C)... 

(8.5) 

(9.0) 

9.4 

9.8 

10.2 

11.0 

11.8 

(12.6) 

3 

0.35% C, 1% W. 

(23) 

(22) 

22 

21 

21 

i 19 



3 

12% Cr... 


(13.8) 

14.0 

14.2 

14.3 

14.6 

14.9 

(15.3) 

3 

Wrought iron. 

(36) 

(35) 

33 

31 

31 

28 

25 

(23) 

3 


Note: Additional data on a few other metals are given in Table D-2. 
References: 

1. Perry, “Chemical Engineer Handbook,” 2d ed., McGraw-Hill Book 
Company, Inc., New York, 1941. 

2. Schack, Goldschmidt, and Partridge, “Industrial Heat Transfer,” John 
Wiley & Sons, Inc., New York, 1933. 

3. Shelton, J. Research , Nat. Bur. StandardSj 12, 441 (1934). 

4. “Heat Transfer t hr ough Metallic Walls,” International Nickel Co., New 

York. 
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Table G-5.—Some Physical and Thermal Characteristics op Commercial Insulants ( Continued ) 
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Thermal conductivity. Btu/(hr)(sq ft)(°F/in.), at mean 
temperature, °F 

2500 


2000 


1500 


o 

o 

cTlo ' -- 

CO rl 

1000 

1.48 

1.09 

1.44 

0.98 

1.25 

800 

wo -< CO i-h 

^ © d 

600 

W <N C T}( 

w os o oo © 

1-1 © ^ o' -i 

500 

1.23 

0.89 

0.88 

0.76 

0.94 

400 

Oi io lO CO H N to rf to N o "St- w 05 

•-1 00 K5 to OiOCOCO^^rJi g b- h. 00 

ih o’ o o’ o o’ o’ o’ d o o £ o o o 

300 

*°CJ ° HooosaOM m © 05 Tji 

i-ioo ujto ^ eo co ^ co ^ o <o co oo 

o d o’ o’ o’ o’ o’ do’d 2 o’ o’ d 

200 

<N00 r- r* IN O to S M « 00 n h 05 

—1 't O M P5 N M M P3 CO cj CO CO t>. 

■-I o’ o’ o’ o o’ o’ d o’ o o’ ® o’ o’ o’ 

100 

• ■ m CO 00 to Ttl N 05 00 O If 5 N ® C Cl N Ifco 

• - <N CN (N IN IN IN N CO ^ in CO CO CN iC b- CO 

• ■ o o o ooooooo ^ddddo oo 

Den¬ 
sity, 
Ib/cu ft 

?g-S;- 1?2>22£ « g 

Upper 
limiting 
temp., °F 

2000 

1600 

212 

600 

600 

1000 

1000 

1000 

1500 

225 

165 

225 

1600 

1800 

212 

Commercial forms 
available 

Brick 

Brick 

Blanket 

Sectional and block 
Loose dry 

Loose, flexible 
Sectional and blanket 

Loose, flexible 

Sectional and blanket 

Loose, flexible 
Sectional and blanket 
Loose dry 
( Board 

{ Sectional and block 
(Blanket 

Loose, sectional, and 
block 

Loose dry 

Sectional or block 

Material 

Insulating brick.. 

Insulating brick. 

Kapok. 

Magnesia—85 %. 

Magnesia cements. 

Mineral wools (untreated):* 

Glass wool. 

Rock wool. 

Slag wool. 

Mineral-wool-type cements. 

Mineral wool (waterproofed low temperature 
type). 

Vermiculite. 

Vermiculite-type cements... 

Wool felt. 


Note: Conductivity figures represent average value of commercial m kes of various manufacture. Conductivity of cements, loose fills, and flexible insuiants 
varies with applied density. 

* Some manufacturers recommend 1200°F limit for mineral wools. 
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c. Heating and Cooling of Solids.—The basic equation for the 
general case of heat flow by conduction is 

P c p at = an . an . an 

k dd dx 2 + dy 2 + dz 2 

where t = local temperature, °F, at time 6 
p = density, lb/cu ft 
C p = specific heat, Btu/(lb) (°F) 
k = thermal conductivity, Btu/(hr) (sq ft) (°F/ft) 
x f y t z = Cartesian coordinates 

This equation must be handled by the comparatively complex methods 
of partial differential equations. Figure G-3 plots solutions of this 
equation for several shapes of solids under the assumption of a constant 
surface temperature. This figure may be used to estimate cooling 
rates as follows: 

1. Compute^^g 

where k = thermal conductivity, Btu/(hr)(sq ft)(°F/ft) 

C — specific heat, Btu/(lb)(°F) 

6 = time of cooling or heating, hr 
p = density of solid, lb/cu ft 
D = dimension as indicated in Fig. G-3. 

2. From Fig. G-3 find corresponding value of 

h - t 
t\ — £o 

where to = original temperature 
h = surface temperature 
t = temperature at center at time 6 

3. From numerical values solve for t. 

t = ti — (ti — t 0 )x heating 
= ti + (to — ti)x cooling 

where x = numerical value (2i — t)/(t i — to) read from Fig. G-3 

It should be noted that the assumption of constant surface tempera¬ 
ture is seldom precisely fulfilled but is determined by the rate of 
removal of heat from the surface. If the rate of removal is very rapid, 
Fig. G-3 will give fair accuracy. For a more complete treatment, the 
reader is referred to McAdams. 1 


1 Op. cit. 
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Fiq. G-3.—Heating or cooling of solids. [After Williamson and Leason , Phys. Rev. 14, 

99 (1919).] 


4. Convection Coefficients 

a. Theory.—There are two types of fluid flow: laminar (or stream¬ 
line) and turbulent. These were discussed in Chapter F. As might 
be expected, heat-transfer relationships depend on which type of fluid 
flow is involved. Unless liquids of high viscosity are being handled, 
the flow is usually turbulent in commercial exchangers. Information 
given in this chapter is confined largely to the turbulent conditions. 
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The differential equations for transfer of heat by turbulent flow 
have been set up but are too complex to be solved directly. Using the 
theory of similarity, Nusselt, Prandtl, and others have shown that 
these equations would give similar solutions when certain dimension¬ 
less groups have the same values. These conclusions have been 
verified and extended by the methods of dimensional analysis and, 
more important, by experimental data. The rate of heat transfer may 
be expressed in any one of several ways. By far the most convenient 
of these is the surface conductivity, or film, coefficient. (The former 
term, in some respects, more closely expresses the significance of the 
coefficient, but the latter term has received wide usage and will be 
employed here.) This film coefficient expresses the heat transfer per 
unit of boundary surface and difference in temperature between the 
bulk of the fluid and the boundary surface. The conclusions of theory 
for fluids inside tubes may be expressed as follows: 

h = ~m, P r ) (G-7) 


where h = film coefficient, Btu/(hr)(sq ft)(°F) 

k = thermal conductivity, Btu/(hr)(sq ft)(°F/ft) 

D e = equivalent diameter, ft 
= diameter for circular tube 

= 4 X perimeter (see Table F ' 4) 

R e = Reynolds number [see Eq. (F-10) repeated below] 
P r = Prandtl number [see Eq. (G-8) below] 

/ denotes a functional relationship to quantities following 


r — D eU P _ DeG _ 124 d e up _ 50 . 7 mp 

' He He H fJ>d 

where D e = equivalent diameter, ft 
d e = equivalent diameter, in. 
d = diameter of circular pipe, in. 
u = average velocity, fps 
He = viscosity, lb/(ft)(sec) 

G = mass velocity, lb/(sq ft) (sec) 

H = viscosity, centipoise 
m = flow, gpm 
W = flow, lb/hr 
p = density, lb/cu ft 


—Jr (F - 10) 



(G-8) 
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where c p = specific heat, Btu/(lb)(°F) 
fie = viscosity, lb/(ft) (sec) 

H = viscosity, centipoise 

k = thermal conductivity, Btu/(hr)(sq ft)(°F/ft) 
k s = thermal conductivity, Btu/(see)(sq ft)(°F/ft) 

The equivalent diameter, as defined above, is based on the “ wetted 
perimeter.” This is consistent with the best hydraulic practice. 
Nusselt suggested that the equivalent diameter for thermal transfer 
be based on the “heated perimeter” instead. However, recent 
experiments 1 indicate that the “w T etted perimeter” is in the smaller 
error. 

Experiments are essential to evaluate the form of the functional 
relationship indicated by Eq. (G-7). Results can be expressed as 
follows: 

(G-9) 


where h = film coefficient 

k = thermal conductivity 
D e = equivalent diameter 
R e = Reynolds number [see Eq. (F-10)] 

P r = Prandtl number [see Eq. (G-8)]. 
a — a constant dependent on units of h, k , D e 
b, c = constants 

The constants in Eq. (G-9) are dependent on geometrical arrangements 
and whether the fluid is heated or cooled, but they are independent of 
the physical properties of the fluid handled. That is, one equation 
may be used for all fluids being cooled in straight tubes; another 
equation may be used for all fluids being heated by flow across a bank 
of tubes, etc. Equations given in this chapter are rearranged from the 
dimensionless form indicated above to dimensional equations for 
convenience in computation. 

Similar types of consideration enter into the theoretical treatment 
of condensing vapors and boiling liquids. The relations that result, 
however, are considerably different in form. 

b. Gases.—Film coefficients of gases may be expressed in a very 
simple form because the Prandtl number is nearly constant and because 
the viscosity factors do not vary greatly. The resulting relations 
follow. Figure G-4 presents inside coefficients in nomograph form. 

1 Carpenter, Colburn, Schoenbom, and Wurster, Trans. Am. Inst. Chem. Engr., 
42 165 ('1946). 
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Inside tubes: 

G °* 8 

h = 16.6 c p ^j 

Outside tubes: 

Q0.6 

Based on true velocity, h = 44F n c P 


Based on calculated velocity, 

G 0 * 6 

h = 26 F n c p ^j 


(G-10) 

(G-ll) 

(G-12) 


where h = film coefficient, Btu/(hr)(sq ft)(°F) 
c p = specific heat, Btu/(lb)(°F) 

G = mass velocity inside tube or annulus, lb/(sec)(sq ft) 
W _ W 
25 A 12.63d 2 

W = flow, lb/hr 

A = cross-sectional area of tube or annulus, sq in. 
d e = equivalent diameter inside tube or annulus, in. 


= 4 X 


(see Table F-4) 


perimeter v 7 

= d = inside diameter of circular tube, in. 

F n — factor depending on number of rows of tubes (see Table 
G-6) 

= 1 for 10 or more staggered rows 
= 0.8 for 10 or more rows in line 
G 0 = true mass velocity across tubes at point of closest distance 
between the tubes, lb/(sec)(sq ft) 

G e = calculated mass velocity neglecting leakage between baffles 
(shell and tube exchangers), lb/(sec)(sq ft) 

= 25 sm - do) for half - moon baffles 
S = center-to-center spacing of tubes, in. 

B = baffle spacing, in. 

D = inside diameter of shell, in. 
d 0 = outside diameter of tubes, in. 

It will be noted that the only temperature and pressure dependence 
afforded by these equations is the value of the specific heat. This 
is a reasonably accurate correction, but it is largely untested 
at very high pressures and temperatures. For these conditions, 
or where high accuracy is desired, Eq. (G-13), page 252, would be 
preferred. 
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Table G-6. — Correction Factors for Use in Eq. (G-ll) and (G-12) for Heat 
Transfer of Fluids across Less Than 10 Rows of Tubes 
(Based on data of McAdams, “Heat Transmission,” 2d ed., McGraw-Hill Book 
Company, Inc., New York, 1942) 

Number of rows 1 2 3 4 5 6 8 

Staggered. 0.73 0.82 0.88 0.91 0.94 0.98 

Inline. 0.51 0.64 0.69 0.72 0.74 0.76 0.78 




Fig. G-4.—Film coefficients for gases in turbulent flow inside tubes. 
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c. Charts for Liquids.—Stoever has prepared a number of tables 
and charts for computation. This section presents his data on liquids 
in unchanged form (Tables G-7 to G-ll and Figs. G-5 to G-10, etc.). 
This section comprises his cases 1 to 7 with cases 9 and 10. 


FILM COEFFICIENTS FOR LIQUIDS 

(Stoever, Chem. & Met. Eng., May, 1944.) 

To obtain the desired film coefficient, a base factor corresponding 
to the liquid and temperature under consideration is taken from the 
proper table and multiplied by a correction factor read from the nomo- 


1°-] 


r 9 

r- 

9 - 


-8 




-7 


7- 


-6 


6- 


*5 

_ 




m 

5 - 


- A 

X _ 


o 

4 

u 

C 

4 - 

<U 

u o 

u 

u 

a> 


<u 

-3 u- 


<u 


a 

c 


E " 

3- 

U- 

> 

o 

u 

<D 

A 

i 

i 

i 

EEU s: 


u 

o 

:> 

r ? % 

o 

i 

-c 

x» 

D 

1— 

<b _ 

2- 

H 

> 

u. 

. 1 

V) 



\.J 

C 

_ 



O 



- 10 




-0.9 




-0.8 


1 ■ 


-0.7 



Fig. G-5.- 


-Case 1, correction factors for liquids heated inside tubes. 
and Met. Eng., May, 1944.) 


4.0 

(Stoever, Chem. 


graph accompanying that table. The following assumptions apply in 
each case: (1) the system is in equilibrium, that is, there is no change 
in temperature gradient with time; (2) radiation is negligible or has 
been taken into account by other calculations; (3) film temperature is 
defined as the arithmetric average of the temperatures of the retaining 
wall and the main body of the liquid. Wall temperature, generally 
not known, can be estimated or calculated by trial and error. Values 
of base factors in italics are extrapolated from physical properties. 
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Table G-7 

Case 1.—Base Factors for Liquids Heated inside Horizontal or Vertical 
Tubes, Turbulent Flow 


Average temperature of the liquid 



0°F 

50°F 

100°F 

150°F 

200°F 

250°F 

Acetic acid (100%). 



97.2 

101 

105 

109 

Acetic acid (50%). 


117 

156 

180 

203 

228 

Acetone. 

104 

122 

134 

137 

139 

142 

Ammonia. 

350 

425 

507 

599 

690 

790 

Amyl acetate. 

65.0 

66.2 

67.7 

71.8 

78.5 

86.0 

Amyl alcohol (iso) . 

21.6 

35. S 

52.7 

73.3 

96.0 

118 

Aniline. 


43.8 

58.4 

76.5 

99.2 

123 

Benzene. 


75.6 

94.5 

108 

121 

134 

Brine (Ca Cl,) (25%). 

139 

190 

257 

332 

420 

517 

Butyl alcohol (n) . 

31.2 

45.5 

62.4 

83.0 

107 

133 

Carbon disulphide. 

114 

119 

125 

129 

132 

133 

Carbon tetrachloride. 

57.4 

69.2 

78.6 

82.6 

85.8 

88.2 

Chlorobenzene. 

64-6 

73.3 

78.8 

80.5 

82.0 

82.8 

Ethyl acetate. 

126 

126 

125 

123 

122 

121 

Ethyl alcohol (100%). 

58.0 

73.6 

92.3 

112 

132 

151 

Ethyl alcohol (40%). 

61.6 

104 

162 

228 

292 

389 

Ethyl bromide. 

97.8 

104 

110 

114 

119 

122 

Ethylene glycol. 

71.4 

105 

158 

222 

299 

380 

Ethyl ether. 

100 

115 

123 

130 

137 

144 

Glycerol (50%). 

59.0 

90.5 

131 

182 

242 

302 

Heptane. 

81.4 

87.0 

94.7 

102 

112 

122 

Hexane. 

85.8 

93.8 

102 

109 

114 

117 

Methyl alcohol (100%). 

83.0 

110 

126 

138 

149 

160 

Methyl alcohol (90%). 

86.0 

114 

136 

154 

172 

188 

Methyl alcohol (40%). 

64.0 

110 

164 

213 

264 

312 

Octane (n) . 

72.0 

79.0 

85.9 

92.0 

97.0 

102 

Pentane (n). 

103 

105 

110 

115 

118 

121 

Propyl alcohol (iso) . 

25.7 

49.3 

71.5 

94.5 

117 

139 

Sulphur dioxide. 

167 

171 

175 

180 

182 

194 

Sulphuric acid (60%). 


65.9 

79.4 

94.5 

110 

129 

Toluene. 

77.3 

86.9 

96.6 

104 

112 

119 

Water. 


225 

322 

408 

392 

608 
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Table G-8 

Case 2.—Base Factors for Liquids Cooled inside Horizontal or Vertical 
Tubes, Turbulent Flow 


Average temperature of the liquid 



0°F 

50°F 

100°F 

150°F 

200°F 

250°F 

Acetic acid (100%). 


1 

72.2 

75.0 

78.7 

81.6 

Acetic acid (50%). 


85.2 

122 

153 

179 

201 

Acetone. 

38.4 

105 

118 

121 

124 

126 

Ammonia. 

314 

380 

507 

650 

797 

938 

Amyl acetate. 

48.1 

50.7 

52.3 

53.3 

64.4 

55.5 

Amyl alcohol (iso) . 


22.7 

36.0 

53.0 

72.3 

91.8 

Aniline. 


31.6 

45.2 

63.3 

86.9 

110 

Benzene. 


61.7 

79.1 

93.5 

107 

120 

Brine (CaCl 2 )(25%). 

106 

152 

217 

312 

397 

510 

Butyl alcohol (ft). 

19.2 

31.4 

45.6 

64.0 

84.9 

107 

Carbon disulphide. 

103 

110 

116 

121 

126 

128 

Carbon tetrachloride_ .... 

40.4 

55.8 

67.3 

72 0 

76.0 

78.7 

Chlorobenzene. 

54.5 

57.5 

60.7 

63.8 

65.0 

65.6 

Ethyl acetate. 

83.3 

84.1 

84.1 

84.1 

83.3 

82.4 

Ethyl alcohol (100%). 

41.2 

54.8 

71.1 

89.0 

108 

128 

Ethyl alcohol (40%). 


70.4 

121 

176 

230 

315 

Ethyl bromide. 

84.9 

92.9 

99.9 

106 

112 

116 

Ethyleneglycol (50%). 

44.2 

71.7 

120 

183 

261 


Ethyl ether. 

86.0 

99.0 

109 

118 

126 

135 

Glycerol (50%). 

34.9 

59.5 

94.5 

134 

179 

222 

Heptane. 

66.8 

74.2 

81.5 

88.8 

97.0 

104 

Hexane. 

70.7 

78.5 

87.2 

95.2 

102 

108 

Methyl alcohol (100%). 

65.4 

88.5 

105 

118 

132 

146 

Methyl alcohol (90%). 

68.5 

92.0 

112 

128 

142 

156 

Methyl alcohol (40%). 

38.2 

80.0 

127 

177 

236 

292 

Octane (n). 

56.0 

63.8 

70.9 

77.2 

82.2 

88.0 

Pentane (n). 

82.8 

89.6 

96.4 

101 

106 

110 

Propyl alcohol (iso) . 


32.4 

51.5 

71 7 

92.7 

116 

Sulphur dioxide. 

150 

155 1 

161 

166 

174 

178 

Sulphuric acid (60%). 


35.3 

54.4 

66.9 

74.0 

77.7 

Toluene. 

61.8 

71.5 

81.4 

90.3 

97.6 

103 

Water. 


153 

273 

355 

427 

483 
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Fig. G-6.—Case 2, correction factors for liquids cooled inside tubes. ( Stoever, Chem. 
and Met. Eng., May, 1944.) 


Case 3.—Liquids Heated or Cooled outside Tube Bundles, Direction of 
Flow Parallel to Tubes 

Film coefficients for liquids flowing outside tube bundles and in a direction 
parallel to the tubes can be determined from Cases 1 or 2 for liquids inside tubes, 
if an equivalent inside diameter is used in determining the correction factor. An 
equivalent diameter can be calculated by the following equation: 


d e = 4 X A/P 


where d, = equivalent inside diameter., in. 

A — cross-sectional area between tubes, sq in. 

P = sum of the tube perimeter segments bounding the cross-section, in. 
For tubes based on equilateral triangles, or on squares, d e can be read from Fig. G-7. 



Fig. G-7.—Case 3, equivalent diameters for flow of liquids outside of tube bundles, 
direction of flow parallel to tubes. (Stoever, Chem. and Met. Eng., May, 1944) 
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Table G-9 

Cas^j 4.—Base Factors for Liquids Heated or Cooled outside Single Tubes, 
Direction of Flow Normal to Tube 


Average temperature of the film 



0°F 

50°F 

100°F 

150°F 

200°F 

250°F 

Acetic acid (100%). 



142 

136 

131 

125 

Acetic acid (50%). 


214 

260 

292 

310 

321 

Acetone. 

m 

174 

184 

186 

187 

189 

Ammonia. 

486 

548 

616 

685 

758 

827 

Amyl acetate. 

114 

106 

97.9 

91.0 

84.3 

76.5 

Amyl alcohol (iso) . 

54.0 

73.0 

94.9 

118 

140 

163 

Aniline. 


97.0 

116 

139 

164 

194 

Benzene. 


124 

140 

152 

163 

174 

Brine (CaCl 2 )(25%). 

264 

335 

419 

508 

617 

734 

Butyl alcohol (n). 

93.5 

100 

112 

136 

167 

206 

Carbon disulphide. 

164 

166 

169 

171 

173 

173 

Carbon tetrachloride. 


105 

114 

116 

117 

118 

Chlorobenzene. 

115 

112 

109 

106 

103 

102 

Ethyl acetate. 

154 

145 

137 

129 

119 

111 

Ethyl alcohol (100%). 

108 

127 

146 

165 

183 

199 

Ethvl alcohol (40%). 

130 

199 

277 

355 

430 

508 

Ethyl bromide. 

131 

137 

142 

144 

146 

147 

Ethylene glycol (50%). 

147 

209 

283 

362 

447 

545 

Ethyl ether. 

146 

154 

161 

169 

175 

182 

Glycerol (50%). 

147 

192 

249 

331 

431 


Heptane. 

126 

133 

139 

143 

147 

151 

Hexane. 

128 

134 

141 

147 

151 

155 

Methyl alcohol (100%). 

U7 

170 

187 

198 

206 

212 

Methyl alcohol (90%). 

159 

186 

209 

226 

238 

251 

Methyl alcohol (40%). 

132 

201 

264 

317 

359 

397 

Octane (n). 

117 

124 

129 

135 

140 

146 

Pentane (n) . 

139 

144 

148 

151 

152 

154 

Propyl alcohol (iso) . 

62.5 

91.0 

118 

143 

163 

180 

Sulphur dioxide. 

230 

225 

223 

221 

221 

218 

Sulphuric acid (60%). 


110 

137 

150 

164 

176 

Toluene. 

128 

135 

142 

148 

152 

155 

Water. 


382 

497 

575 

645 

700 
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Fiq. G-8.—Case 4, correction factors for liquids heated or cooled outside single tubes, 
direction of flow normal to tube. ( Stoever, Chem. and Met. Eng., May, 1944.) 
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Table G-10 

Case 5.—Base Factors for Liquids Heated outside Single Horizontal 
Tubes, Natural Convection 


Average temperature of the film 



0°F 

50°F 

100°F 

150°F 

200°F 

250°F 

Acetic acid (100%). 



19.8 

18.8 

17.8 

17.2 

Acetone. 


27.1 

28.0 

28.2 

28.5 

28.8 

Ammonia. 

85 5 

96.3 

108 

120 

132 

144 

Benzene. 


18.4 

20.3 

21.9 

23.5 

25.0 

Carbon disulphide. 

23.9 

24.1 

24.6 

24.8 

25.1 

25.3 

Carbon tetrachloride. 


15.7 

16.6 

16.5 

16.3 

16.9 

Chlorobenzene. 

16.4 

15.5 

14.8 

14.0 

13.4 

13.0 

Ethyl acetate. 

23.6 

21.7 

20.1 

18.5 

17.1 

15.6 

Ethyl alcohol (100%). 

15.6 

18.1 

20.6 

23.1 

25.3 

27.4 

Ethyl alcohol (40%). 

17.9 

26.6 

36.5 

47.2 

67.8 


Ethyl bromide. 

20.1 

20.7 

21.1 

21.5 

21.7 

21.9 

Ethyl ether. 

22.3 

23.9 

24.8 

25.6 

26.4 

26.9 

Ethyl iodide. 

16.9 

17.9 

19.8 

21.4 

23.0 

23.6 

Heptane. 

19.4 

20.0 

20.4 

21.0 

21.5 

21.9 

Hexane. 

18.7 

19.9 

21.0 

21.8 

22.5 

22.9 

Methyl alcohol (100%). 

22.6 

25.2 

27.1 

28.7 

29.8 

30.9 

Methyl alcohol (90%). 

21.5 

25.9 

29.1 

31.8 

34.1 

36.4 

Octane (n). 

17.0 

18.1 

18.5 

19.2 

20.0 

20.5 

Pentane (n). 

21.9 

22.3 

22.8 

23.3 

24.0 

24.4 

Sulphur dioxide. 

37.9 

37.2 

36.5 

36.0 

35.6 

35.2 

Sulphuric acid (98 %). 


11.8 

15.5 

19.2 

22.9 


Sulphuric acid (60 %). 


12.5 

15.6 

18.2 

20.3 

21.7 

Toluene. 

18.1 

19.1 

20.1 

20.9 

21.5 

21.7 

Water. 


36.8 

47.9 

55.0 

60.2 

65.0 
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Fig. G-9.—Case 5, correction factors for liquids heated outside single horizontal tubes, 
natural convection. ( Stoever , Chem. and Met. Eng., May, 1944.) 
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Fig. G-10.—Case 6, correction factor for liquids heated by vertical surfaces, low 
velocity, or natural convection only. ( Stoever , Chem. and Met. Eng., May , 1944.) 


Table G-ll 

Case 6.—Base Factors for Liquids Heated Inside or Outside Vertical 
Tubes or on Vertical Plates, Low Velocities, or Natural Convection 

Only 


Average temperature of the film 



0°F 

50 °F 

100°F 

150°F 

200°F 

250°F 

Acetic acid (100%). 



15.6 

15.5 

15.5 

15.5 

Acetone. 

21.0 

22.6 

24.1 

24.8 

118 

25.3 

25.8 

Ammonia. 

75.0 

88.5 

103 

136 

155 

Benzene. 

14.4 

16.4 

18.2 

20.0 

21.7 

Carbon disulphide. 

19.7 

20.3 

21.0 

21.6 

22.2 

22.8 

Carbon tetrachloride. 

11.A 
12.0 

12.7 

13.8 

14.2 

14-4 

11.8 

14.8 

11.7 

Chlorobenzene. 

12.0 

12.0 

11.8 

Ethyl acetate. 

18.6 

18.1 

17.4 

16.6 

15.9 

15.0 

Ethyl alcohol (100%). 

10.8 

13.2 

15.9 

18.6 

21.2 

23.9 

Ethyl alcohol (40%). 

10.2 

17.4 

26.2 

25.1 

25.4 

19.8 

Ethyl bromide. 

17.1 

18.0 

18.8 

19.4 

20.2 

Ethyl ether. 

19.4 

21.0 

22.3 

23.4 

24.1 

21.8 

24.6 

24.0 

19.5 

Ethyl iodide. 

12.6 

15.4 

17.7 

19.8 

Heptane. 

14-8 

15.6 

15.6 

16.6 

17.2 

18.5 

Hexane. 

16.7 

17.8 

18.9 

19.4 

19.9 

Methyl alcohol (100%). 

16.7 

19.5 

21.9 

23.9 

25.9 

27.4 

30.3 

Methyl alcohol (90%). 

15.1 

19.4 

22.6 

25.4 

15.8 

27.8 

Octane (n). 

12.7 

13.9 

14.8 

16.7 

17.7 

Pentane (n). 

18.3 

19.3 

20.1 

20.7 

21.1 

21.5 

Sulphur dioxide. 

33.6 

33.6 

33.6 

33.6 

33.6 

33.6 

Sulphuric acid (98 %). 

7.16 

9.43 

11.6 

13.8 

15.9 

Sulphuric acid (60%). 


8.50 

11.2 

13.3 

1 14.7 

15.3 

Toluene. 

13.7 

14.9 

16.1 

17.3 

18.5 

19.6 

Water. 

23.3 

31.9 

38.0 

42.4 

47.9 
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Case 7.—Liquids Heated or Cooled outside Tube Bundles, Direct? >n of 
Flow Normal to Tubes 

Use data for Case 4 and multiply answer by 1.2 for tubes in line or by 1.3 for 
staggered tubes. For determining correction factor use velocity at narrowest 
section between tubes. For baffled heat exchangers, where a small part of the 
flow is parallel to tubes, use Case 4 data directly, but evaluate correction factor at 
velocity between tubes at widest part of shell, calculated as 

144 Q 
(d s - nd) l 

where Q - rate of flow, cu ft/sec 

d, = inside shell diameter, in. 
d =* outside tube bundle diameter, in. 
n — number of tubes across wide part of shell 
l = distance between baffles 

Case 9.—Liquids Heated or Cooled inside Coils, Turbulent Flow 

Use data for Case 1 (heating), or Case 2 (cooling), and multiply answer by 1.2. 

Case 10.— Liquids Heated or Cooled outside Coils, Natural or Forced 

Convection 

Use data for Case 4 (forced convection), or Case 5 (natural convection). 
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d. Equations for Liquids. —The basic equations for film coefficients 
of fluids recommended by McA^jjjg^are given below in dimensional 
form. Fluids inside tubes or annuli when n does not exceed 2 or 3 
centipoises: 


h = 


18.6 


k o.e c oA Q 0.8 
/I 0 ' 4 d°e 2 


(G-13) 


Viscous liquids inside tubes or annuli: 

,k f Xc pf y*G Q -* 


h = 17.5 - 




Fluids outside tubes: 


h = 95F n 
= 57 F n 


kjMctPa** 

k f Kc pf *G™ 

H f K* do A 


(G-14) 

(G-15) 

(G-16) 


where h = film coefficient, Btu/(hr)(sq ft)(°F) 

k = thermal conductivity of fluid, Btu/(hr) (sq ft) (°F/ft) 

\i = viscosity, centipoise 
c p = specific heat, Btu/(lb)(°F) 

G - mass velocity, lb/(sec)(sq ft) 

d e = equivalent diameter, in. = inside diameter of circular tube 
d 0 — outside diameter of circular tube 

G 0 = true mass velocity across tube at point of closest approach, 
lb/(sec)(sq ft) 

G c = calculated mass velocity neglecting leakage between 
baffles (shell and tube exchangers) 

WS 

25 BD(S - do) 

W = flow, lb/hr 

S = center-to-center spacing of tubes, in. 

B = baffle spacing, in. 

D = inside diameter of shell 

F n = factor depending on number of tubes (see Table G-6, p. 241) 
= 1 for 10 or more staggered rows 
= 0.8 for 10 or more rows in line 

Note: Subscript / indicates that property should be evaluated at 
film temperature £/, which is defined by equation 


t f = 


t + t 9 
2 


1 Op. cit. 
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where t = bulk temperature 
t 9 = surface temperature 

The film temperatures used in Eqs. (G-14) to (G-16) present a 
nuisance in actual computations since they must be found by trial and 
error. Fortunately, approximate temperatures suffice and, for pre¬ 
liminary work, the relations below may be used for estimation: 

Equation Condition 

tf = t — Y±Atm Cooling when film coefficients are about equal 

tf = t — }4At m Cooling when film coefficient on other side is much 

larger 

tf = t Cooling or heating when film coefficient on other side 

is much smaller 

tf = t + }/iAt m Heating when film coefficients are about equal 

tf = t + tm Heating when film coefficient on other side is much 

larger 

where tf = average film temperature 
t = average bulk temperature 
At m = mean temperature difference 
Exact estimations of film temperatures will be discussed under over-all 
heat-transfer coefficients. 

In order to use Eqs. (G-13) to (G-16) several properties must be 
evaluated, making the process somewhat tedious. When this is done 
for water inside tubes, the results may be expressed more simply 1 as 
follows: 

no.s 

h = 5.6(1 + 0.0110 (G-17) 

where h = film coefficient for water, Btu/(hr)(sq ft)(°F) 
t = average temperature, °F 
G = mass velocity, lb/(sq ft) (sec) 
d e = equivalent diameter, in. 

= inside diameter of circular tube, in. 

Table G-12 gives values of k^c p H for petroleum products for use in 
Eqs. (G-14) to (G-16). 

For open (“trombone,” trickle) coolers for cooling fluids flowing 
1 McAdams, op. cit. 
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through single horizontal tubes or tube bundles by trickling water flow 
over the pipes, the following equation 1 gives the film coefficient to 
about ±25 per cent: 



where m = gallons of water per minute flowing over a tube, L ft long, 
d 0 in. outside diameter 
h = film coefficient, Btu/(hr)(sq ft)(°F) 


Table G-12.— Combined Thermal Conductivity, Specific Heat Factors of 
Petroleum Products for Use in Eqs. (G-14) to (G-16) 

(Based on data of Cragoe, Nat. Bur. Standards , Misc. Pub. 97) 


Density of hydrocarbon 

■ 

Temperature 
range, °F 

Factor 

where k = thermal conductivity, 
Btu/(hr)(sq ft)(°F/ft) 
c p = specific heat, 

Btu/(Ib)(°F) 

°A.P.I. 

Specific 

gravity 

(60/60) 

10 

1.0000 

0-800 

0.12 

20 

0.9340 

0-800 

0.13 

30 

0.8762 

0-800 

0.14 

40 

0.8251 

0-600 

0.14-0.15 

50 

0.7796 

0-400 

0.15-0.16 

60 

0.7389 

0-400 

0.16 


e. Condensing Vapors.—The rate of transfer of heat to cold sur¬ 
faces depends on whether the condensation is of the film type or drop- 
wise type. The names are descriptive of the mechanisms. Dr op wise 
condensation of steam frequently occurs on polished surfaces and is 
promoted by addition of oil or other organic substances which prevent 
complete wetting of the surface by water. Although dropwise coeffi¬ 
cients are higher, film-type condensation is more common in practice 
and will alone be considered here. The original equations for rate of 
condensation were derived by Nusselt in 1916 under the following 
assumptions: 

1. Heat-transfer rate is determined solely by the rate of transfer 
through condensed liquid film 

2. This condensed liquid film is continuous 

3. Flow of film results from the effect of gravity alone 

4. Flow of film is streamline 

The recommended equations given below 1 are based largely on the 
original derivation. These equations are valid unless the liquid flow 

1 McAdams, op. tit . 
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is so heavy that turbulent flow results. 1 If this occurs, higher heat 
transfer results, so that the equations are safe. 

Outside vertical tubes : 



(G-18) 


Outside a vertical tier of horizontal tubes: 


h = 154 


'JcVAHY 

jiNd^At) 


(G-19) 


where h = film coefficient, Btu/(hr)(sq ft)(°F) 

k = thermal conductivity of condensed liquid (at temperature 
of cold surface), Btu/(hr)(sq ft)(°F/ft) 
p = density of liquid at cold surface temperature, lb/cu ft 
AH = latent heat of vaporization at condenser pressure, Btu/lb 
H = viscosity of liquid at cold surface temperature, centipoise 
L = length of vertical tubes, ft 
N = number of rows of tubes in a vertical tier 
d 0 = outside pipe diameter, in. 

At = difference in temperature between vapor and cold surface 
Figure G-ll and Table G-13 permit the estimation of film coeffi¬ 
cients for the condensation of 18 vapors on horizontal tubes. Figure 
G-12 gives the film coefficients for 17 vapors on a horizontal tube 1.9 
in. outside diameter. Rates of condensation of vapor mixtures are 
usually intermediate between the rates of the component vapors; to be 
safe, the lowest film coefficient of any component may be assumed for 
the mixture. 

For vapor mixtures that form immiscible condensates, a par¬ 
tial dropwise condensation probably results. Data of Baker and 
coworkers 2 indicate that film coefficients over 400 Btu/ (hr) (sq ft) (°F) 
are usually obtainable for condensation of steam and organic vapors 
to form a two-phase condensate. 


1 Turbulent flow begins, approximately, when 


* 300 (vertical tubes) NhLh * 2,500 ( horizontal tubes ) 

where W = lb condensate/hr 

N v — number of vertical tubes 
d — diameter of vertical tube, in. 

/i = viscosity, centipoise 

Nb — number of horizontal rows of horizontal tubes 
L = length of tubes, ft 

2 Baker and Tsao, Trans. Am. Inst. Chem. Engrs ., 36, 517 (1940). Baker and 
Mueller, Ind. Eng. Chem., 29 , 1067 (1937). (Vapors studied: benzene, toluene, 
heptane, chlorobenzene, and trichloroethylene.) 
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Table G-13.— Base Factors for Condensation of Pure Saturated Vapors on 
Horizontal Tubes (Stoever, Chem. & Met. Eng., May, 1944, p. 98) 


Temperature of condensate film (assume equal to 
tube wall) 



50°F 

100°F 

150°F 

200°F 

250°F 

300°F 

Acetic acid. 


511 

495 

470 

424 

373 

Acetone. 

772 

789 

805 

805 

795 

780 

Ammonia. 

2,768 

3,145 

3,459 

3,711 

8,875 

3,966 

Aniline. 

275 

405 

544 

685 

830 

977 

Benzene. 

554 

609 

658 

706 

755 

798 

Carbon disulphide.. . 

924 

933 

933 

924 

905 

868 

Carbon tetrachloride. 

551 

580 

569 

482 



Chloroform. 

735 

791 

847 

895 

950 

997 

Ethyl acetate. 

702 

772 

835 

889 

936 

990 

Ethyl alcohol. 

495 

556 

618 

678 

745 

807 

Ethvl ether. 

620 

646 

665 

678 

691 

705 

Heptane. 

488 

537 

580 

607 

628 

645 

Hexane. 

525 

552 

576 

592 

608 

614 

Methyl alcohol. 

695 

772 

850 

920 

972 

103 

Octane. 

482 

513 

538 

554 

575 

585 

Propyl alcohol (iso). 

284 

400 

488 

548 

596 

682 

Steam. 

1,830 

2,440 

3,020 

3,590 

4,120 

4,660 

Sulphur dioxide. 

1,260 

1,200 

1,115 

1,010 

900 

780 
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Fig. G-ll.—Correction factors for condensation of pure saturated vapors on horizontal 
t.nhps (Rtaener. Chem. A Mel. Enn . Man. 1044.) 
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/Ethanol 
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Fig. G-12.—Film coefficients of condensing alcohols, ketones, and esters on 1.9-in. 
tube. [Reprinted from Othmer and Berman , Ind. Eng. Chem. 35, 1068, (1943); by 
permission of the American Chemical Society.] 
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f. Boiling Liquids. —The rate of evaporation of a liquid depends on 
the turbulence produced by boiling. As a result, the film coefficient 
is increased at higher boiling rates and, therefore, increases rapidly 
with the temperature difference supplied. This increase in rate does 
not, however, continue indefinitely but reaches a maximum rate which 
is about 150 to 600 lb/(hr)(sq ft) at atmospheric pressure. At 
higher pressures the maximum boiling rates are higher. The tempera¬ 
ture difference between the surface and the boiling liquid at this maxi¬ 
mum flux ranges between 40 and 80°F at atmospheric pressure, but 
may be as low as 5°F at high pressures. The factors involved in heat 
transfer to boiling liquids are not well understood and experimental 
data are frequently contradictory. However, Cichelli and Bonilla 1 
have succeeded in correlating the maximum boiling rates. They also 
discuss a number of equations that have had some measure of success 
in predicting film coefficients. It is felt that none of these can be 
recommended for general usage without a more detailed discussion of 
the ranges of validity than would be appropriate here. 

In any event, basing design directly on experimental over-all 
coefficients is strongly recommended, if close design is important. 
The section that follows gives a few over-all coefficients involving boil¬ 
ing liquids. Fortunately, the coefficients are high so that the arbitrary 
installation of excess surface may not be costly. Further, the film 
coefficient of the other fluid is often much lower and largely determines 
the surface requirement. 

6. Over-all Heat Transfer 

a. Heat-transfer Equipment.—The shell and tube exchangers are 
in very common usage for industrial heat transfer. Their design 
involves a careful balance between a large number of factors, 2 the 
most important of which is securing the maximum velocities with 
available pressure drops. On the tube side this is effected by relation 
of tube diameter to total length. If a long path is essential to secure 
the velocity and area in reasonable sized tubes, several passes or mul¬ 
tiple units may be required. The mean temperature difference is 
usually reduced by more than one pass in a single shell. On the shell 
side, the velocity may be adjusted by tube and baffle spacing, or 
occasionally by more than one shell pass. 

Appreciation of these factors is important to design of the proc- 
cess prior to equipment specification. When the temperature changes 

1 Trans. Am. Inst. Chem. Engrs., 41 , 755 (1945). 

* Baylock, Trans. Am. Inst. Chem. Engrs., 40 , 593 (1944) gives an excellent 
brief discussion. 
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on both fluids are large, the problem of securing proper velocities is 
likely to be more severe than if the temperature changes are small. 
In some cases it is economic to use more cooling water with a smaller 
temperature rise. This favors increased water velocities, and multi¬ 
pass arrangements. 

Double pipe exchangers are the easiest to design and are frequently 
employed where a small amount of heat is to be transferred, as in the 
case of a pilot plant. Where the film coefficient on one side is much 
greater than on the other, increased area on the side of low rate is an 
advantage. Finned tubes are frequently used to accomplish this as in 
the case of air heaters. Fins may be either around the tube for cross 
flow, or along the length for parallel flow. In the oil industry, open 
or “trombone” coolers are fairly common. In these, cooling is effected 
by spraying water over a tube bundle. Such coolers are inexpensive 
but require a larger area. In addition, there are submerged coils, 
steam jackets, and many other devices for heat transfer. 1 

Cooling water towers and contact coolers are used for heat transfer 
but present an entirely different type of problem and are treated 
briefly in Chapter M on Water. 

Tube bundles are usually made by expanding the tubes into tube 
sheets. Table G-14 gives minimum center-to-center spacing for this 
type of construction. 


Table G-14.— Minimum Center-to-center Spacing for Tubes Expanded in 

Tube Sheet 

[Blaylock, Trans. Am. Inst. Chem. Engrs. 40, 593 (1944)] 


Outside tube diameter, in. 

% 

Vi 

1 

i X 

Triangular spacing, in. 

% 

15 Ae 

i X 

iHe 

Rectangular spacing, in. 

Ye 

1 

IX 

me 


The diameter of the shell depends on the number and arrangement 
of tubes in addition to the center-to-center spacing. Table G-15 gives 
data on various numbers of tubes arranged in a hexagonal pattern 
(either around a central tube, or starting with three tubes grouped 
around the center). Table G-16 gives data on rectangular spacing. 
For a large number of tubes, the shell diameter may be approximately 
estimated by the equations below: 

Rectangular arrangement: 

D = 1.25d y/n 

Hexagonal arrangement: __ 

D = 1.1 hd y/n 

1 Schwarz, Chem . Met Eng., May, 1944, p. 120. 
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where D = shell diameter, in. 

d = center-to-center tube spacing, in. 
n = number of tubes 

It will be noted that the hexagonal arrangement of tubes is the 
more economical of space and, therefore, affords higher shell velocities. 
However, the rectangular array is frequently used because cleaning of 
the tubes is considerably easier. 


Table G-15.— Diameter Ratios for Tubes Arranged Hexagonally in Shells 
(Deutsch, Chem. & Met. Eng., August, 1940, p. 538) 


No. of 
tubes 

Ratio- diameter 

No. of 
tubes 

Ratio- < ^ ameter 

* center-to-center spacing 

* center-to-center spacing 

3 

2.15 

61 

9.00 

7 S 

3.00 

63 

9.09 

12 

4.05 

69 

9.33 

13 

4.46 

73 

9.77 

19 

5.00 

85 

10.16 

27 

6.03 

90 

10.86 

31 

6.28 

96 

11.06 

37 

7.00 

102 | 

11.26 

42 

7.43 

109 1 

11.58 

48 

8.02 

114 

12.01 

55 

8.21 

121 

12.14 


Table G-16.— Diameter Ratios for Tubes Arranged Rectangularly in 


No. of Tubes 

4 

5 
8 

12 

13 

16 

22 

29 

37 


Shells 

Ratio: 


Shell diameter 
Center-to-center spacing 
2.41 
3.00 
4.00 
4.44 
5.00 
5.3 
6.2 
7.05 
7.6 


b. Mean Temperature Difference. —The over-all transfer of heat 
is usually computed as the product of three quantities: the surface 
area, the mean temperature difference, and the over-all coefficient of 
heat transfer. This obviates the need for integration over the entire 
surface. Actually the mean temperature difference is derived by such 
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an integration under the assumptions that the over-all coefficient of 
heat transfer is constant and that any variation in temperature of the 
fluids is linear with respect to the heat absorbed or lost. These con¬ 
ditions are seldom accurately fulfilled, but the error is not often serious. 
The results of this integration for single-pass exchangers (either 
cocurrent or countercurrent) may be most conveniently expressed as 
the integrated average effect of the temperature gradient between the 
two fluids. This turns out to be the logarithmic mean temperature 
difference, which is given by Eq. (G-20) or in graphical form by Fig. 
G-13. 
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Aim = 


Ah — A<2 

2.303 !og 


(G-20) 


where A t m = mean temperature difference 
Ah = largest temperature difference 
A U = smallest temperature difference 
The same integration may be performed for multipass exchangers, 
but the results are algebraically complicated and are usually expressed 
in graphical form as a factor for correction of the logarithmic mean 



K= - 




R = 


V T 2 


Vt* 

T|= Inlet temperature, Shell side t^lnlet temperature,Tube side 
T 2 = Outlet temperature, Shell side t 2 = Outlet temperature,Tube side 

Fig. G-14.—Mean-temperature-difference correction factors; two shell passes, four 
or more tube passes. ( Reprinted from Standards of Tubular Exchanger Manufacturers 
Association , 1941.) 


temperature difference. Figure G-14 is such a chart for exchangers 
with four or more tube passes and two shell passes. Where the tube 
and shell passes are the same in number and flow relations, no correc¬ 
tion factor is needed. Also if one side or the other of the exchanger is 
at constant temperature (as in the case of condensing steam, etc.), no 
correction factor need be used for the number of passes. 

A word of caution should, perhaps, be added. When one of the 
two fluids is partly, but not totally, evaporated or condensed, the true 
mean temperature difference may be quite different from what would 
be computed by the methods just discussed. In this case, the smallest 
temperature difference may occur even in the middle of the exchanger. 
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c. Over-all Coefficients— The flow of heat is analogous to that of 
electricity. In both cases, parallel conductivities are additive, series 
resistances are additive. In heat flow, however, we are used to think¬ 
ing in terms of conductivity rather than resistance, its reciprocal. 
Adding up the resistances in series, we obtain 


Tr = K, + ih i + f‘ + Tf< + 


_L 

U 0 

J_ 

Ui 

J_ 

Uf 


1 


d 0 1 


do. 


d, J 


d. 


L 

; k 


_ -i | dj 1 _|_ i* I dj * I di It 

hi ^ d 0 h 0 ^ h ~^ dJ°^T m k 

= — -f J_ 

hi ho 


(G-21) 

(G-22) 

(G-23) 


where U 0 = over-all coefficient of heat transfer based on outside 
surface of tubes, Btu/(hr)(sq ft)(°F) 

Ui = over-all coefficient of heat transfer based on inside area 
of tubes, Btu/(hr)(sq ft)(°F) 

Uf = over-all coefficient of heat transfer computed from film 
coefficients alone, neglecting metal resistance, fouling 
resistance, and area ratio, Btu/(hr)(sq ft)(°F) 
h 0 = film coefficient, outside of tube, Btu/(hr)(sq ft)(°F) 
hi — film coefficient, inside of tube, Btu/(hr)(sq ft)(°F) 

Jo = fouling factor outside of tube (see Table G-17) 

Ji = fouling factor inside of tube (see Table G-17) 
d 0 = outside diameter of tube, in. 
di = inside diameter of tube, in. 
d m — logarithmic mean of d Q and d iy in., 

usually factors j- or j- may be neglected 
Clm d m 

L = thickness of tube wall, ft 
k = thermal conductivity of tube wall, Btu/(hr)(sq ft)(°F/ft) 
For preliminary calculations the simpler Eq. (G-23) may be used; 
for close design, the inclusion of metal resistance and fouling factors is 
desirable. These equations presume that the various resistances 
involved are independent of the temperature differences. In some 
cases, such as condensing vapors and boiling liquids, the film coeffi¬ 
cient depends on the temperature difference. Consequently these 
temperatures must be assumed and checked by subsequent calculation. 
For steady operation, the heat passes through the successive layers at 
the same rate. Expressing this algebraically, 

d 

U„M m “ ho&to = h i ^ etc, 


(G-24) 
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where U 0 = over-all coefficient based on outside tube area, Btu/(hr) 
(sq ft) (°F) 

At m = mean temperature difference, °F 
h 0 = film coefficient outside of tube, Btu/(hr)(sq ft)(°F) 
hi = film coefficient inside of tube, Btu/(hr)(sq ft)(°F) 
d iy d 0 = diameter of tube, in.; inside, outside. 

A2o = mean temperature difference between shell fluid and out¬ 
side of wall, °F 

A ti = mean temperature difference between tube fluid and 
inside of wall, °F 

Equation (G-24) permits the estimation of the mean temperature 
differences and, therefore, a check on the assumptions originally made 
in computing the film coefficients. 

Table G-17.— Fouling Resistances 

(Based on Standards of Tubular Exchanger Manufacturers Association 1941) 
[See Eqs. (G-21) and (G-22)] 


Fuel oil. 0.005 

Crude oil. 0.002-0.007 

Clean circulating oil. 0.001 

Machinery and transformer oil. 0.001 

Quenching oil.0.004 

Vegetable oils. 0.003 

Manufactured gas. 0.01 

Organic vapors. 0 0005 

Clean steam. 0.0 

Exhaust steam (oil bearing). 0.001 

Alcohol vapors. 0.0 

Refrigerating vapors (condensing from reciprocating 

compressors). 0.002 

Air. 0.002 

Organic liquids. 0.001 

Refrigerating liquids. 0.001 

Brine (cooling). 0.001 

Sea water: 

0~240°F. 0.0005 

240-400°F. 0.001 

Brackish water. 0.001-0.003 

Cooling-tower water: 

Treated, 0-240°F. 0.001 

Treated, 240-400°F. 0.002 

Untreated. 0.003-0.005 

City or well water: 

0-240°F. 0.001 

240-400°F. 0.002 

River. 0.002-0.004 

Hard (over 15 grains/gal). 0.003-0.005 

Distilled. 0.0005 

Treated boiler feed.0.001 


The accuracy of heat-transfer calculations may be fairly high under 
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favorable conditions. Usually accuracy suffers somewhat from uncer¬ 
tainties in basic physical data, in equations, and in approximations 
used. Consequently rather large factors of safety are advised, and 
over-all coefficients of 30 to 90 per cent of calculated values should be 
used in final design. Tables G-18 to G-22 give typical over-all coeffi¬ 
cients of heat transfer. 


Table G-18.— Over-all Heat-transfer Coefficients for Evaporation of 
Water by Submerged Copper Coil (Claassen) 

(McAdams, “Heat Transmission,” 2d ed., McGraw-Hill Book Company, Inc., 

New York, 1942) 

U = Btu/(hr)(sq ft)(°F) 


A to, °F 



20 

30 

40 

50 

60 

70 

80 

90 

U for 212°F.. 

390 

490 

560 






U for 187°F. 

360 

440 

520 

600 




U for 158°F. 


510 

600 

660 

720 







Table G-19.— Over-all Heat-transfer Coefficients for Evaporation of 
Water by a Submerged Coil at Atmospheric Pressure (Claassen) 
(McAdams, “Heat Transmission,” 2d ed., McGraw-Hill Book Company, Inc., 

New York, 1942) 

U - Btu/(hr)(sq ft)(°F) 

Weight, % solids 



0 

10 

20 

30 

40 

50 

60 

70 

U , salt solutions, At a — 18°F. . . 

420 

430 

440 






V , molasses, A t 0 — 12°F. 

360 

350 

340 

320 

290 

250 

210 

170 


Table G-20.— Over-all Coefficients of Heat Transfer for Condensing 
Steam to Boiling Water at 167°F in a Submerged-tube Evaporator 
(McAdams, “Heat Transmission,” 2d ed., McGraw-Hill Book Company, Inc., 

New York, 1942) 

U = Btu/(hr)(sq ft)(°F) 


At 0 , over-all At, °F 



18 

27 

36 

45 

54 

U 0J rusty iron.. 

280 

300 

325 

350 

375 

U 0 j clean iron. 

300 

385 

460 

535 

610 

U 0 , slightly dirty copper. 

580 

780 

950 

1120 


U 0 , polished copper. 

820 

1110 

1470 

1810 

2120 
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Table G-21.— Ordinary Ranges of Over-all Coefficients 
(Under many conditions higher or lower values may be realized.) 

(Perry, “Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, 

Inc., New York, 1941) 

U = Btu/(hr) (sq ft)(°F) 


Type of heat 

State of 
controlling 
resistance 

Typical fluid 

. 

! Typical apparatus 

exchanger 

Free 

convec¬ 
tion, U 

Forced 

convec¬ 
tion, U 

Liquid to liquid. 

25- 60 

150-300 

Water 

Liquid-to-liquid heat ex- 

Liquid to liquid. 

5- 10 

20- 50 

Oil j 

changers 

Liquid to gas*— .... 
Liquid to boiling liquid 

1- 3 
20- 60 

2- 10 
50-150 

Water 

Hot-water radiators 
Brine coolers 

Liquid to boiling liquid 

5- 20 

25- 60 

Oil J 


Gas * to liquid. 

1- 3 

2- 10 


Air coolers, economizers 
Steam superheaters 
Steam boilers 

Gas* to gas. 

O.fr- 2 

2- 6 


Gas* to boiling liquid. 

1- 3 

2- 10 


Condensing vapor to 
liquid. 

50-200 

150-800 

Steam to water 

Liquid heaters and con¬ 

Condensing vapor to 
liquid. 

10- 30 

20- 60 

Steam to oil 

densers 

Condensing vapor to 

40- 80 

60-150 

Organic vapor 


liquid 

Condensing vapor to 
liquid. 

Condensing vapor to 
gas*. 

1- 2 

15-300 

2- 10 

to water 

Steam-gas mix¬ 
ture 

Steam pipes in air, air 
heaters 

Scale-forming evapora¬ 
tors 

Condensing vapor to 
boiling liquid. 

Condensing vapor to 

boiling liquid. 

Condensing vapor to 
boiling liquid. 

40-100 

300-800 

50-150 

Steam to water 

Steam to oil 


At atmospheric pressure. 
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Table G-22.— Over-all Coefficients of Heat Transfer from Condensing 
Steam to Boiling Water in a Basket Evaporator. 31 Steel Tubes 
1 In. Outside Diameter and 4 Ft Long 
(McAdams, “Heat Transmission,” 2d ed., McGraw-Hill Book Company, Inc., 

New York, 1942) 

U = Btu/(hr)(sq ft)(°F) 





A to, 

°F 



10 

20 

30 

40 

50 

60 

U for 140°F. 

120 

205 

270 

320 

350 

370 

U for 167°F. 

220 

320 

400 

440 

480 

500 

U for 212°F. 

320 

440 

500 

520 




d. Illustrative Example. Make a preliminary design of a cooler handling 
20 gpm of ethyl acetate to be cooled from 170 to 80°F by 70°F cooling water. 
A 20°F rise on the water may be assumed. The cooler is to be of the shell 
and tube type constructed with brass tubes. 

Solution: 

A. Process Data: 

1. Physical properties, ethyl acetate, 

Specific heat at 125°F (52 + °C) = 0.47 Btu/(lb)(°F) (Fig. E-15) 
Density at 60°F 7.6 lb/gal (Fig. D-3) 

Density at 125°F 7.2 lb/gal (Fig. D-3) 

7 6 

2. Flow of ethyl acetate, 20 gpm (measured at 60°F), 20 X = 21.1 gpm 

measured at the mean temperature of 125°F, 20 X 7.6 X 60 = 9,120 
lb/hr 

3. Heat load = Q = 9,120 X (170 - 80) X 0.47 = 386,000 Btu/hr 

386 000 

4. Water flow, 1 lb/hr will remove 20 Btu/hr and flow = —^— = 19,300 

iq qnn 

Lb/hr or = 38.6 gpm (1 gpm = 500 ib/hr) 

B. Mean Temperature Difference: 

Temperature difference at cold end = 80 — 70 = 10°F 
Temperature difference at hot end = 170 — 90 = 80°F 
Mean temperature difference (single pass) = 34°F (Fig. G-13) 

Estimated film temperature of ethyl acetate, 125 — 34 = 116.5, say 

H5°F 

Estimated film temperature of water, 80 + K 34 = 88.5°, say 90°F 

C. Tube Side: 
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1. Assume water flows through 27 tubes, each, % in. OD X 16 B.W.G. 
(27 is a preferred number for hexagonal spacing) 

2. Tube data (from Table F-20), 

Outside diameter = % in. 

Wall thickness, 16 B.W.G. = 0.065 in. 

Inside diameter = 0.620 in. 

Circumference, outside = 0.1963 ft 
Circumference, inside = 0.1623 ft 
Velocity = 1.061 fps for flow of 1 gpm 

3. Velocity = 38.6 X 1.06/27 = 1.51 fps 

4. Film coefficient, 

Base factor at 50°F = 225 (Table G-7) 
at 100°F = 322 
at 90°F = 300 (interpolation) 

Correction factor at 1.51 fps, 0.62 in. = 1.5 (Fig. G-5) 

Film coefficient = 1.5 X 300 = 450 Btu/(hr)(sq ft)(°F) 

D. Shell Side: 

1. Minimum tube spacing, center to center, for % in. OD tubing = 6 in. 

(Table G-14) 

2. Minimum shell diameter, 

6.03 X (center-to-center spacing) (Table G-15) 

6.03 X 1 JKe = 5.66 in. 

3. Use 6-in., schedule 40, pipe for shell, 

Inside diameter = 6.065 in. (Table F-19) 

Actual center-to -center spacing = or 1 in. 

4. Number of tubes in line must be six since shell is just over six times 
center-to-center spacing. This may be checked by layout (beginning 
with three tubes grouped as around central point) 

, .r i .. , 144Q 

5. Velocity, u, fps = ^ ~ ^ )L 

21.1 

where Q = cu ft/sec = 7 48 x 60 ~ 

d a = 6.065 in. 

nd = 6 X % = 4.5 in. 

L = baffle spacing, in. 

144 X 0.047 4.32 

U ~ (6.065 - 4.5)L ” L 
This suggests 4-in. baffles to give u = 1.08 fps 

6. Film coefficient, 

Base factor at 100°F = 137 (Table G-9) 
at 150°F = 129 
at 115°F = 135 (interpolated) 

Correction factor at 1.08 fps and % in. = 1.2 (Fig. G-8) 

Film coefficient, 1.2 X 135 = 162 Btu/(hr)(sq ft)(°F) 
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E. Over-all Coefficient Based on Outside Surface of Tubes: 

[By Eq. (G-21)] 


h„ ~ 

162. 

. 0.0062 


de 1 

0.75 



d% h\ 

0.62 X 450. 

. 0.0027 



0*75 „ 

" 0.62 0-002 . 

. 0.0010 

(Table G-17) 

dj' 

. 0.0024 

(Table G-17) 

d 0 L 

0.75 0.065 


(k from Table G-4) 

d m k 

0.6812 X 58. 

. 0.0001 

1 

Uo 

= sum. 

. 0 0124 



F. 


U 0 = 80 Btu/(hr)(sq ft)(°F) 
Length of Tubes and Shell: 


1 . 


Area required, 


_ heat transferred _ 

over-all coefficient X mean temperature difference’ 


386,000 
80 X 34 


142 sq fi 


2. Length, p er j meter x number of tubes’ 0.1963 X 27 ^ ^ 

Therefore, two units are required, each 14 ft long. 

G. Check on Film Temperatures Assumed: 

1. Ethyl acetate, 

Q = h o A 0 At 

386,000 = 162 X 142A* 

At = 16.7°F 

Film temperature = 125 — M X 16.7 = 117°F. 

Assumed = 115°F, hence error is small. 

2. Water, 

Q = hiAiAt 

386,000 = (450)(142) gygAi 


At = 5°F 

Film temperature = 80 + K X 5 = 82.5°F. 
Assumed 90°F, hence error is small. 


Discussion: Though only one set of calculations is shown, two earlier 
assumptions were made and quickly discarded. A two-unit exchanger 
designed, as indicated, would probably give performance reasonably close to 
that desired. However, the design is not wholly satisfactory. The baffle 
spacing is undesirably close, and the length of 27 ft is longer than desirable, 
because two units are required even though no factor of safety is allowed. If 
more tubes are assumed and a larger baffle spacing is taken to overcome these 
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difficulties, the lowered velocities will result in a lower over-all coefficient, so 
that a great many more would be needed. Incidentally, at these lower veloci¬ 
ties the charts cannot be used and equations such as (G-13) and (G-16) would 
have to be employed. If the velocity is too low in the tubes, turbulent flow 
will not be obtained (see Chapter F). The use of smaller tubes would make it 
easier to design a single exchanger of suitable length. Less difficulty in secur¬ 
ing suitable velocities would result by using the ethyl acetate as the tube fluid 
with two or more tube passes. In order to secure a good temperature differ¬ 
ence with this arrangement, a smaller temperature rise would have to be 
taken on the water. A double-pipe exchanger could be used with some 
advantage for this application. 

In short, the solution found is no more than the problem requested: a 
preliminary design of equipment which would do the job and which should 
afford a starting point for a more refined final design. The problem is pre¬ 
sented in this status in the belief that it illustrates the principles better than 
would a final solution. Experts on the design of exchangers are able to 
diagnose such situations quickly from a backlog of experience gained by 
repeated calculations of this type. 


6. Heat Losses by Open Equipment 

Bare surfaces lose heat by radiation and convection. Radiation 
has already been treated earlier in the chapter. The heat loss by 





Fig. G-15.—Heat losses from bare iron pipe. (Baaed on data from “ Heat Insulation 
HandbookEhret Magnesia Manufacturing Company , Valley Forge , Pa., 1942.) 
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Fia. G-16.—Heat losses from pipe insulated with standard 85 per cent magnesia. 

natural convection in absence of any wind, i.e., to still air, may be 
estimated by the equations given below. 1 

Top-surface horizontal plates. h = 0.38(A£) 0,25 

Bottom-surface horizontal plates.. . h — 0.2(At) 0 - 26 

Vertical plates (over 1 ft high). h = 0.27(A£) 0,25 

Piping. h = 0.27(At/D 0 )°- 25 

where h = film coefficient, Btu/(hr)(sq ft)(°F) 

At = temperature difference, °F 

D 0 = outside diameter, ft. _ 

It is more convenient for most purposes to lump the radiant and 
convection transfers together. Figure G-15 gives such data on losses 
by bare pipe. It should be remembered that rates in rainy weather 
will be much larger. Similar values for insulated pipe are given in 


1 McAdams, op. dt. 
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Fig. G-16. The loss from large flat surfaces is about 0.20 Btu/(hr) 
(sq ft)(°F) when insulated with 2 in. of rock wool or about 0.24 Btu/ 
(hr)(sq ft)(°F) when insulated with 2 in. of 85 per cent magnesia. 



Temperature at first joint from hot face = hot face temperature — ^ 0SS ^ ~^ 1 

Temperature at second joint from hot face = first joint temperature 


) 

( Btu loss X Li\ 

K * / 


For a one-component wall R = — where L = thickness of wall in inches 
Jx 


K = conductivity (Btu/sq ft /deg F difference in temperature across 1 in. thickness) 
For a wall of n components, R = ~ ^ + . . . + 4? 

xtl K 2 An 

where L i, L 2 , etc. = thickness of each component 

Ki, etc. = conductivity of each component 
Fig. G-17.—Heat losses through furnace walls to still air. ( Copyright by The Adas 
Lumnite Cement Company. Reproduced by their permission.) 


Figure G-17 permits estimation of heat losses from furnace walls. 
This chart is based on still air at 80°F. Wind increases these some¬ 
what and lowers the temperature of the cold faces considerably. 




CHAPTER H 
COMBUSTION 

By all odds the most important source of energy for processing is 
the combustion of fuels with air. This chapter gives data on air and 
specific fuels. The last section is intended to centralize data common 
to all fuels, though some of the charts therein are based on specific 
fuels. Although combustion equipment is treated very briefly, an 
effort has been made to mention factors of importance in the choice of 
fuels and for estimating utility requirements of combustion processes. 

Several of the many excellent texts on fuel and combustion are 
listed below. Information is frequently given in works primarily 
devoted to other subjects, notably thermodynamics and power. 

Haslam and Russell, “Fuels and Their Combustion,” McGraw-Hill Book Com¬ 
pany, Inc., New York, 1926. 

Moore, “Coal,” John Wiley & Sons, Inc., New York, 1940. 

Moore, “Liquid Fuels,” The Technical Press, Ltd., London, 1935. 

“Combustion,” 3d ed., American Gas Association, New York, 1932. 

Trinks, “Industrial Furnaces,” 2 vols., John Wiley & Sons, Inc., New York, 1942. 
Dunstan, “Science of Petroleum,” 4 vols., Oxford Press, England, 1938. 

1. Composition of Air 

The composition of air is, fortunately, very constant. The only 
appreciable variation arises from local contamination, and even this is 
seldom sufficient to affect combustion processes. Noyes and Sherrill 1 
give the composition of pure dry air as follows: 

Mole per Cent 


Oxygen (0 2 ). 21.0 

Nitrogen (N 2 ). 78.0 

Argon (A). 0.94 

Carbon dioxide (C0 2 ). 0.03 

Other (Ne Kr, etc.). 0.03 


Since argon and other rare gases are normally reported as nitrogen in 
gas analysis and are, like nitrogen, inert toward combustion, air may 
be regarded as 21 mole per cent oxygen and 79 mole per cent “atmos- 

1 Noyes and Sherrill, “Che mi cal Principles,” The Macmillan Company, New 
York, 1936. 
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pheric nitrogen.” On a weight basis air is 23.2 per cent oxygen, and 
4.31 lb of dry air are required to supply 1 lb of oxygen. 

The average molecular weight of air is 28.97. “Atmospheric 
nitrogen” has an average molecular weight of 28.17 or about 0.6 per 
cent greater than that of pure nitrogen. Other physical properties of 
“atmospheric nitrogen” differ only slightly from pure nitrogen; for 
example, the specific heats differ about 0.2 per cent. 


2. Coal and Coke 

a. Testing and Classification.—Because the properties of coal from 
different localities are extremely variable, various tests are necessary 
to specify the behavior of coal to be used for fuel or producing coke. 
These tests are largely empirical and their utility depends on a careful 
standardization of procedure. Below are listed publications of 
A.S.T.M. on standard methods: 


D 17-16 
D 21-16 
D 121-30 
D 141-23 
D 166-24 
D 167-24 
D 197-30 
D 271-37 
D 291-29 
D 292-29 
D 293-29 
D 294-29 
D 310-34 
D 311-30 
D 346-35 
D 388-38 
D 389-37 
D 407-35T 

D 408-37T 

D 409-37T 

D 410-38 
D 431-38 
D 440-37T 
D 441-37T 
D 492-38T 

D 493-38T 

E 11-38T 


Specifications for Foundry Coke 
Method of Sampling Coal 

Definitions of Terms Relating to Coal and Coke 

Method of Shatter Test for Coke 

Specifications for Gas and Coking Coals 

Method of Test for Volume of Cell Space of Lump Coke 

Method of Test for Fineness of Powdered Coal 

Methods of Laboratory Sampling and Analysis of Coal and Coke 

Method of Test for Cubic Foot Weight of Crushed Bituminous Coal 

Method of Test for Cubic Foot Weight of Coke 

Method of Test for Sieve Analysis of Coke 

Method of Tumbler Test for Coke 

Method of Test for Size of Anthracite 

Method of Test for Sieve Analysis of Crushed Bituminous Coal 

Method of Sampling Coke for Analysis 

Specifications for Classification of Coals by Rank 

Specifications for Classification of Coals by Grade 

Definition of the Terms Gross Calorific Value and Net Calorific 

Value of Fuels (Tentative) 

Method of Test for Grindability of Coal by the Ball-mill Method 
(Tentative) 

Method of Test for Grindability of Coal by the Hardgrove-machine 
Method (Tentative) 

Method of Test for Screen Analysis of Coal 

Method for Designating the Size of Coal from Its Screen Analysis 

Method of Drop Shatter Test for Coal (Tentative) 

Method of Tumbler Test for Coal (Tentative) 

Method of Sampling Coals Classed According to Ash Content 
(Tentative) 

Definitions for Varieties of Bituminous and Subbituminous Coals 
(Tentative) 

Specifications for Sieves for Testing Purposes (Wire-cloth Sieves, 
Round-hole and Square-hole Screens or Sieves) (Tentative) 
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Table H-l.—C lassification of Coals bt Rank* 
(Prepared by the U.S. Bureau of Mines) 


Class 

Group 

Limits of fixed carbon or 
Btu, mineral-matter-free basis 

Requisite physical 
properties 

I. Anthracite. 

1. Meta-anthracite 

2. Anthracite 

3. Semianthracite 

Dry F.C., 98 % or more (dry 
V.M., 2% or less) 

Dry F.C., 92% or more and 
less than 98% (dry V.M. 
8% or less and more than 
2%) 

Dry F.C., 86% or more and 
less than 92% (dry V.M., 
14 % or less and more than 
8%) 

Nonagglomeratingt 

II. BituminousJ. 

1. Low-volatile bitu¬ 
minous coal 

2. Medium-volatile 

Dry F.C., 78% or more and 
less than 86% (dry V.M., 
22 % or less and more than 
14%) 

Dry F.C., 69 % or more and 



bituminous coal 

3. High-volatile A 
bituminous coal 

4. High-volatile B 
bituminous coal 

less than 78% (dry V.N., 
31 % or less and more than 
22%) 

Dry F.C., less than 69 % (dry 
V.M., more than 31 %); and 
moist § Btu 14,0001| or more 
Moist § Btu, 13,000 or more 
and less than 14,0001| 



5. High-volatile C 

Moist Btu, 11,000 or more 

Either agglomerating 


bituminous coal 

and less than 13,000|| 

or non weathering! 

III. Subbituminous_ 

1. Subbituminous A 

Moist Btu, 11,000 or more 

Both weathering and 


coal 

2. Subbituminous B 
coal 

3. Subbituminous C 
coal 

and less than 13,0001| 

Moist Btu, 9500 or more and 
less than 11,000|| 

Moist Btu, 8300 or more and 
less than 95001| 

nonagglomerating 

IV. Lignitic. 

1. Lignite 

Moist Btu, less than 8300 

Consolidated 


2. Brown coal 

Moist Btu, less than 8300 

Unconsolidated 


F.C. = fixed carbon. 

V.M. = volatile matter. 

* This classification does not include a few coals which have unusual physical and chemical 
properties and which come within the limits of fixed carbon or Btu of the high-volatile bituminous 
and subbituminous ranks. All these coals either contain less than 48 per cent dry, mineral-matter- 
free fixed carbon or have more than 15,500 moist, mineral-matter-free Btu. 

t If agglomerating, classify in low-volatile group of the bituminous class. 

J It is recognized that there may be noncaking varieties in each group of the bituminous class. 

§ Moist Btu refers to coal containing its natural bed moisture but not including visible water on 
the surface of the coal. 

|| Coals having 69 per cent or more fixed carbon on the dry, mineral-matter-free basis shall be 
classified according to fixed carbon, regardless of Btu. Heating values are gross. 

! There are three varieties of coal in the high-volatile C bituminous coal group; variety 1, 
agglomerating and non weathering; variety 2, agglomerating and weathering; variety 3, non¬ 
agglomerating and nonweathering. 






276 


MANUAL FOR PROCESS ENGINEERING 


The properties most important for use as fuel are as listed below: 

1 . Heating value. 

2. Proximate analysis: 

Moisture (loss at 105°C for 1 hr) 

Volatile matter (additional loss on ignition at 950°C) 

Ash (residue after burning) 

Fixed carbon (remainder) 

3. Fusing point of ash. 

4. Ultimate analysis, % C, H, N, 0, and S. 

There are numerous systems of classifying coal all of which have 
advantages and defects. The most widely used is the U.S. Bureau of 
Mines classification which has been adopted by the A.S.T.M. and the 
A.S.A. This classification, which is based on the proximate analysis, 
is presented in Table H-l (page 275). 

b. Typical Analyses of Coals. —Coal analyses of the United States 
are presented in Table H-2. These data are only illustrative unless 
the reader is interested in one of these few coals. Fortunately thou¬ 
sands of coal analyses are published by the U.S. Bureau of Mines and 
similar organizations, so that specific data may usually be obtained on 
any particular coal. The analyses of some typical cokes are given in 
Table H-3. The ultimate analysis is given on the ash- and moisture- 
free basis in accordance with custom. The advantage of this is to 
exclude the hydrogen and oxygen present in the ash and water from 
combustion calculations. This distinction, though not precise, affords 
a sound workable method. 

c. Heating Value of Coal. —The heating value of coal determines 
the amount required to supply a given quantity of heat. Though best 
determined directly, gross heating values may be predicted with 
reasonable accuracy from the ultimate analysis by the modified Dulong 
formula (or by the equivalent factors from Table H-4). 

Btu/lb = 155.44C + 621 (H - y s O) + 40.5S 

where C = carbon % 

H = hydrogen % 

0 = oxygen % 

S = sulphur % 

If the ultimate analysis is expressed in the ash- and moisture-free 
basis, the calculated heating value will be on the same basis and the 
heating value based on the coal as received may be obtained by 
multiplying by the following factor: 

_ 100 _ 

100 — % ash — % moisture 
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Table H-2.—Analyses of Typical United States Coals 


Coal 

As-received basis 

Ash 

- and moistu re- 
free basis 

No. 

Source: bed or 
mine 

Moisture 

Vola¬ 

tile 

mat¬ 

ter, 

% 

Fixed 

car¬ 

bon, 

% 

Ash, 

% 

Gross 

heat¬ 

ing 

value, 

Btu/ 

lb 

Soft¬ 
ening 
point 
of ash, 
°F 

% 

C 

% 

H 

% 

O 

% 

N 

% 

S 

Loss 
by air 
dry¬ 
ing, % 

Total 

% 

1 

Buck Mountain.. 

2.4 

5.2 

2.8 

85.3 

6.7 

13,090 


95.0 

1.9 

2.0 

0.7 

0.4 

2 

Pocahontas. 

1.0 

1.6 

17.4 

74.5 

6.5 

14,400 

2780 

91.1 

4.5 

2.4 

1.3 

0.7 

3 

Lower Freeport.. 

1.1 

2.0 

24.9 

66.7 

6.4 

14,310 

2840 

88.6 

5.3 

3.8 

1.5 

0.8 

4 

Black Creek. 

1.2 

3.1 

36.0 

58.3 

2.6 

14,190 

2390 

84.0 

5.7 

7.2 

1.9 

1.2 

5 

Pittsburgh. 

0.5 

2 0 

41.3 

48.7 

8.0 

13,320 

2090 

80.6 

5.7 

7.5 

1 3 

4.9 

6 

No. 6 Illinois_ 


7.9 

32.1 

47.7 

12.3 

11,540 

2360 

82.2 

5.3 

9.8 

1.7 

1.0 

7 

Eureka Navy.... 

2.4 

4.4 

35.5 

47.9 

12.2 

12,310 


81.9 

6 3 

8.9 

2.1 

0.8 

8 

No. 1 Wyoming.. 

4.3 

10.8 

37.7 

47.8 

3.7 

11,750 


78.0 

5.5 

13.8 

1.5 

1.2 

9 

Newcastle. 

4.4 

10.9 

36.1 

37.0 

16.0 

9,910 


75.9 

6.5 

15.3 

1.8 

0.5 

10 

Black Diamond.. 

5.8 

11.1 

37.3 

44.8 

6.8 

11,600 

(2470) 

79.5 

5.8 

12.5 

1.4 

0.8 

11 

Colstrip. 


25.1 

28.5 

38.8 

7.6 ! 



76.7 

5.2 

16.2 

1.1 

0.8 

12 

Knife River. 

26.5 

35.6 

26.2 

32.6 

5.6 

7,130 


72.0 

4.7 

21.1 

1.0 

1.2 


Detailed Description of Coals and References 

1. Buck Mountain bed, bottom bench, coal from Highland No. 5 Mine, Luzern County, Pa.. 
U.S. Bur. Mines Tech. Paper 512. 

2. Pocahontas No, 3 bed coal from Buckeye No. 3 Mine, Stephanson, Wyoming County, 
W. Va. U.S. Bur. Mines Tech. Paper 604. 

3. Lower Freeport bed coal from Indiana County, Pa. U.S. Bur. Mines Tech. Paper 621. 

4. Black Creek bed coal from Empire Mine, Walker County, Ala. U.S. Bur. Mines Tech. 
Paper 531. 

5. Pittsburgh bed coal from Pittsburgh Terminal No. 9 Mine, Washington County, Pa. U.S. 
Bur. Mines Tech. Paper 571. 

6. No. 6 bed coal from Orient No. 2 Mine, West Frankport, Franklin County, Ill. U.S. Bur . 
Mines Tech. Paper 524. 

7. Navy No. 6 Lower Bench coal from Eureka Navy Mine, Cumberland, King County, Wash. 
U.S. Bur. Mines Tech. Paper 512. 

8. No. 1 bed coal from Rock Springs Mine No. 4, Rock Springs, Sweetwater County, Wyo. 
U.S. Bur. Mines Tech. Paper 512. 

9. Upper Bagley bed coal from Newcastle Mine, King County, Wash. U.S. Bur. Mines Tech. 
Paper 512. 

10. Black Diamond bed coal from Gallup Southwestern Mine, Gallup, McKinley, County, N.M. 
U.S. Bur. Mines Tech. Paper 569. 

11. Rosebud bed coal from Colstrip Mine, Rosebud County, Mont. U.S. Bur. Mines Tech. 
Paper 622. 

12. Lignite from Knife River Mine, Beulah, Mercer County, N.D. U.S. Bur. Mines Tech* 
Paper 512. 
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Table H-3.— Analyses of Cokes 

(Marks, “Mechanical Engineers’ Handbook,” 4th ed., McGraw-Hill Book 
Company, Inc., New York, 1941) 


As-received basis 



Proximate, 1 

% 


Ultimate, % 



Kind of process 

Moisture 

Volatile matter 

Fixed carbon 

-a 

< 

Hydrogen 

Carbon 

Nitrogen 

Oxygen 

Sulphur 

High heat value, 
Btu/lb 

Gas-works coke:* 

Horizontal retorts. 

0.8 

1.4 

88.0 

9.8 

0.7 

86.8 

1.1 

0.9 

0.7 

12,820 

Vertical retorts. 

1.3 

2.5 

86.3 

9.9 

1.1 

85.4 

1.4 

1.5 

0.7 

12,770 

Narrow coke ovens. 

0.7 

2.0 

85.3 

12.0 

0.6 

84.6 

1.2 

0.9 

0.7 

12,550 

By-product cokef. 

0.8 

1.4 

87.1 

10.7 

0.8 

85.0 

1.3 

1.2 

1.0 

12,690 

Beehive cokef. 

0.5 

1.8 

86.0 

11.7 

0.8 

84.4 

1.2 

0.9 

1.0 

12,527 

Low-temperature cokef. 

0.0 

9.8 

83.5 

6.7 

3.2 

84.2 

1.9 

3.2 

0.8 

14,030 

Low-temperature coke. 

2.8 

15.1 

72.1 

10.0 

3.5 

74.5 

1.6 

8.6 

1.8 

12,600 

Pitch cokef. 

0.3 

i.i 

97.6 

1.0 

0.6 

96.6 

0.7 

0.6 

0.5 

14,097 

Petroleum coke. 

1.1 

7.0 

90.7 

1.2 

3.3 

90.8 

0.8 

3.1 

0.8 

15,060 


* Davis and Greene, Reactivity of Pulverized Cokes in Air, Carbon Dioxide, 
and Water Vapor, Am. Gas Assoc. Proc ., 1926, pp. 1160-1164. 

t Kinney and Perrott, The Shatter and Tumbler Tests for Metallurgical Coke, 
Ind. Eng. Chem ., 14, 1922, pp. 926-931. 

t Fieldner and Davis, Gas-, Coke-, and Byproduct-making Properties of 
American Coals and Their Determination, U.S. Bur. Mines Monograph 5, 1934. 


The heating value of coal may also be predicted from the proximate 
analysis alone, by using Fig. H-l. 

d. Combustion Properties of Coal Constituents. —Table H-4 gives 
the combustion properties of the elements commonly found in coal. 
This table is intended to facilitate calculations based on the ultimate 
analysis of coal. Use of this table is illustrated in Examples H-l, H-3, 
and H-4 given later in this chapter. The calculation of these factors 
is illustrated by Example H-5. 

e. Types of Coal Stokers. —Except for small units, coal is seldom 
hand-fired. Table H-5 summarizes information on stokers. The 
coking properties, the quantity and fusing points of ash, and the 
amount of volatile matter determine the relative advantages of 
the different types of stoking equipment. 
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VOLATILE. MATTER. PER CENT 

Fig. H-l.—Heating value of coals from proximate analysis. This chart will give 
approximate results ( + 300 Btu per lb) for eastern coals containing less than 10 per cent 
moisture and normal amounts of ash. ( Based on results published in Analyses of Coals, 
U. S. Bur. Mines Bull. 22, reprinted from Graf, “Gas Engineers' HandbookMcGraw- 
Hill Book Company, Inc., New York, 1934.) 


High ash content is obviously undesirable because of the cost of 
disposal and because some of the heating value is inevitably lost as 
unbumed coke carried by the ash. Ash content of fines is usually 
higher than that of the larger sizes from the same mine. Frequently 
the ash content may be reduced by washing. Clinker formation is 
favored by high ash content and by low fusing point. Ashes fusing in 
the range of 1900 to 2200°F are considered low fusing; those above 
2600°F are considered high fusing. The fusing point alone is not a 
clear-cut criterion of tendency to clinker. In some of the larger 
furnaces the fuel bed is kept at a high temperature and the ash is 
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tapped off as molten slag. This type of operation is very advan¬ 
tageous for handling coals with low-fusing ash. 

The burning of coal takes place in two zones: on the fire bed itself 
(primary combustion) and in the flame above (secondary combustion). 
This arises for two reasons: (1) a large portion of the coal is volatilized 
on heating to the temperature of the fire bed; (2) the primary combus¬ 
tion is seldom complete. In practice, therefore, considerable space is 


Table H-4.— Combustion Properties of Coal and Coke Constituents 


Element 

Carbon 

Hydro¬ 

gen 

Oxy¬ 
gen ! 

Nitro¬ 

gen 

Sulphur 

Formula. 

C 

H 

0 

N 

S 

Atomic weight. 

12.010 

1.008 

16.000 

14.008 

32.06 

Free element at 60°F, 30 in. Hg. 

Solid, 

Gas, 

Gas, 

Gas, 

Solid, 


graphite 

h 2 

o 2 

n 2 

rhombic 

Gross heating value, Btu/lb: 






1. As free element. 

14,100 

61,042 

0 

0 

3,983 

2. Apparent in coal (Dulong). 

15,544 

62,100 

-7,762 

0 

4,050 

Theoretical air required: 






1. Weight, lb /lb combustible. 

11.48 

34.26 

-4.31 

0 

4.30 

2. Volume, SCF/lb combustible. . . . 

150.0 

447.8 

-56.3 

0 

56.2 

Primary products of combustion with 
oxygen: 






1. Formula. 

C0 2 

H 2 0 

* 

n 2 

S0 2 

2. Weight, lb/lb combustible. 

3.668 

8.936 


1.000 

1.998 

3. Volume, SCF/lb combustible. .. . 

31.38 

188.7 


13.52 

11.69 

Nitrogen f in products of combustion 
with theoretical air: 






1. Weight, lb/lb combustible. 

8.82 

26.31 

-3.31 

1.00 

3.30 

2. Volume, SCF/lb combustible. .. . 

118.5 

353.6 

-44.5 

13.5 

44.4 


* Oxygen included in products of combustion of the other elements, 
t Includes argon and other inert gases reported as nitrogen in standard gas 
analyses. 


provided above the fire bed for secondary combustion and some of the 
air is admitted directly to the firebox. The combustion volume 
required obviously depends on the amount of the coal volatilized. 
The volatile matter determination of the proximate analysis is a semi- 
quantitative measure of the fraction of coal volatilized and is, therefore, 
a rough measure of the secondary combustion requirements for volume 
and air. 

f. Powdered Coal.—The use of coal in powdered form is very 
advantageous for securing efficient combustion with low-cost operation 
and maintenance. Further, a furnace may readily be designed for 
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alternate use of powdered coal, fuel oil, or gas. Since the ash is partly 
blown out of the stack, provision for ash removal may be required, 
particularly in urban communities. Fineness of grinding is importan; 


Table H-5. —Summary or Information on Stokers 
(Perry, “Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, 

Inc., New York, 1941) 



Chain grates 

Overfeed stokers 

Underfeed stokers 

Description. 

Fuel from hopper is car¬ 
ried horizontally into 

Grate extends from hop¬ 
per into furnace at a 

Raw coal is pushed up 
through the fuel bed 


furnace on a continu¬ 
ous web. The web is 
cooled coming out 
through the ashpit and 
returns to coal hopper 

rather steep incline, al¬ 
though coal flows down 
only if a rocking or 
plunger ir ovement is 
imparted to grate bars 

and cinder falls ofl onto 
cinder plate. Gases are 
distilled in an oxidizing 
atmosphere. Capable 
of high overloads 

Fuel used. 

1. Coke breeze, steam 
sizes of anthracite, or 

2. High-volatile mid- 
western coals. In 
general, any noncok¬ 
ing, clinkering coal 
may be used, but 
preferably no mix¬ 
tures 

All coals can be used. 
Good all-round stoker 
Is mainly used on mid¬ 
west fuels. Coking 
coals can be used. 
Will burn refuse fuels 

High-volatile coals, cok¬ 
ing coals, and slack or 
fines may be burned. 
Ash must not be easily 
fusible 

Draft. 

Natural: 0.25 to 0.60 in. 
water 

Forced: 1- to 2-in. water 
pressure with coke 

1- to 4-in. water pres¬ 
sure with Illinois and 
similar coals 

Natural: 0.25 to 0.60 in. 
water 

Forced: 1- to 3-in. water 
pressure 

All forced draft 

Normal: 2- to 4-in. water 
pressure in wind box 
Maximum: 5 to 7-in. 
water pressure in w-.id 
box 

Rate of combustion, 

Average: 30-35 

Average: 25-35 

Average: 30-40 

lb per sq ft per hr 

Maximum: 45-60 

10 lb per 0.1 in. water, 
for natural drafts 

Maximum: 40-50 

Maximum: 60-80 

10 lb per 1-in. water 
pressure 

Means of regulation. 

1. Height of coal grate 

2. Speed of grate 

3. Amount and distribu¬ 
tion of air 

1. Rate of plunger feeder 

2. Rate of ash removal 

3. Amount and distribu¬ 
tion of air 

1. Rate of feed 

2. Amount and distribu¬ 
tion of blast 

Miscellaneous. 

Watch for live coals 
going over end of grate 

Fireman needed for ash 
removal at times and 
fire must be cleaned 

s 

Air is admitted over 
clinker plate to burn 
out cinder. Fuel bed 
from 12 to 24 in. deep 


and is conveniently determined by a screen analysis using, say, 50-, 
100-, and 200-mesh screens. Blake and Purdy 1 give typical screen 
analyses, as shown in the accompanying table. 

1 Perry, “Chemical Engineers’ Handbook,” McGraw-Hill Book Company, 
Inc., New York, 1941, 







282 


MANUAL FOR PROCESS ENGINEERING 



Low-volatile coal, % 

High-volatile coal, % 

Through: 

50-mesh. 

99.5 

99 

100-mesh. 

95 

90 

200-mesh. 

80 

65 



The power required for pulverizing coal depends on the dryness 
and the properties of the particular coal. This may be estimated by 
one of the A.S.T.M. methods listed earlier. Dry coal requires con¬ 
siderably less power but is considerably dustier. Figure H-2 gives the 
power required for pulverizing a Pennsylvania bituminous coal. 

Per Cen+ (200 mesh) 



Horsepower per Ton 

Fig. H-2.—Relation between power consumption, fineness, and moisture content 
in pulverizing Pennsylvania bituminous coal. ( Haslam and Russell, “Fuels and Their 
Combustion ,” McGraw-Hill Book Company , Inc., New York, 1926.) 

g. Storage of Coal. —Four things may occur to stored coal: (1) 
spalling from alternate wetting and drying, (2) loss of heating value 
owing to oxidation, (3) impairment of coking properties and, (4) 
spontaneous combustion. 

Spalling may be serious in the case of low-rank coals but is less 
important in the case of bituminous or anthracite coals. The loss of 
heating value is generally small, in the order of 1 per cent per year. 
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Since some gain in weight accompanies the oxidation, the pile loss is 
somewhat less than indicated by the heating value per pound. Loss 
in coking properties is not usually serious and is no disadvantage ior 
coal to be used as fuel. 

Spontaneous combustion deserves careful consideration. 1 Coal 
temperature should be watched and the coal moved if the temperature 
goes over 120°F. Avoiding the segregation of sizes and the storing of 
larger sizes is helpful. Avoiding too high piles is also a good precau¬ 
tion. Wetting the coal does not retard oxidation. 

Storage of coal above ground is limited in some localities by law. 

3. Fuel Oil 

a. Fuel-oil Specification. —Table H-6 gives specifications of five 
grades of oil. It will be noted that the former Grade 4 has now been 
omitted from the list. Grades 5 and 6 are frequently referred to as 
Bunker B and Bunker C. The heavier oils are cheaper and more 
popular for large units, whereas the lighter grades are usually employed 



40 60 80 100 120 140 160 180 200 220 240 260 280 300 

Temperature, Deg.F. 


Fig. H-3.— Approximate maximum viscosity of three grades of fuel oils. 

1 For a brief discussion see comments by Fieldner; Marks, “Mechanical Engi¬ 
neers’ Handbook,” 4th ed., McGraw-Hill Book Company/ Inc., New York, 1941. 























Table H-6.—Detailed Requirements for Fuel Oils* 
[Nat. Bur. Standards Com. Standard CS12-40 (1940)] 
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for small units because of their greater convenience. Table H-7 gives 
data on the composition and properties of several oils. 

The flash and fire points are of importance in determining condi¬ 
tions for safe handling. An oil below the flash point is safe since 
insufficient vapors are produced for possible ignition. The carbon 
residue and distillation data are of importance if the burner is designed 
to vaporize a considerable portion of the oil. 

The viscosity of the oil is important to the process engineer for 
sizing pipe lines and determining the temperature to which the oil 
must be heated for burner use. The most favorable viscosity is, of 
course, determined by the particular burner; however, Trinks 1 recom¬ 
mends 300 Saybolt Universal as a general working figure. The effect 
of temperature on viscosity differs considerably for different oils; 
nevertheless, the relation is qualitatively the same so that the tempera¬ 
ture required for a given viscosity may be estimated to within 10 or 
20°F by use of Fig. H-3, page 283. 

As in the case of coal, an ultimate analysis may be made, but this 
usually serves no useful purpose because fuel oils differ only slightly 
in composition. Table H-7 gives the analyses of several oils. 

b. Heating Values of Fuel Oils.—These range between 130,000 and 
153,000 Btu/gal (gross). The light oils generally have the lower heat¬ 
ing values per gallon but higher per pound; conversely, the heavier oils 
have larger heating values per gallon though less per pound. The 
heating value of a fuel oil should be directly determined. However, 
in the absence of specific data approximate values may be obtained by 
use of Fig. H-4. 

c. Types of Oil Burners.—Efficient performance of a burner 
depends on its ability to atomize the oil and mix thoroughly with the 
air stream before the ignition zone. This atomization may be effected 
by high- or low-pressure air, by steam, or by mechanical means. 
Table H-8 gives data on air atomization. Haslam and Russell 2 state 
that between and 1 lb of steam is required to atomize 1 lb of fuel. 
Oil may also be atomized by pressuring through liquid spray nozzles. 
In general 75 to 150 psi head pressure is required. Rotary burners 
atomize oil by a combination of air flow and centrifugal force of a 
rotating cylinder. These burners are very flexible. Although they 
may be made very efficient, usually their efficiency is low and large 
excesses of air (100 to 200 per cent) may be required. 

1 Trinks, “Industrial Furnaces,” 2 vols., John Wiley & Sons, Inc., New York, 
1942. 

* “Fuels and Their Combustion,” McGraw-Hill Book Company, Inc., New 
York, 1926. 



COMBUSTION 


287 



Gravity, Deg. Baume' A.P.I. 

Fig. H-4.—Relation between heating value of dry fuel oil and A.P.I. gravity. (“CW- 
bustion 3d ed. t American Gas Association, New York , 1932.) 


Table H-8.— Burner Performance with Different Types of Air Atomization 
(Haslam and Russell, “Fuels and Their Combustion ,” McGraw-Hill Book Com¬ 
pany, Inc., New York, 1926) 


Type 

Velocity of atom¬ 
izing air, fps 

Per cent of air for 
combustion used for 
atomization 

Low-pressure (turboblower) air atom¬ 
ization 10 oz per sq in. 

300 

60 

Low-pressure (positive-pressure pump) 
air atomization, 2 psi. 

500 

50 

High-pressure air atomization, 50 psi.. 

2,500 

12 


d. Combustion Properties of Constituents of Fuel Oil. —The data 
given in Table H-4 for coal and coke may be used. As the heating 
value of oils computed by this method will, however, generally be 
about 600 Btu/lb below the actual value, this particular use of the 
table is not recommended. For other purposes the table is reliable. 
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4. Gaseous Fuels 

a. Analyses.—Gaseous fuels are usually analyzed by either the 
traditional absorption and combustion analyses or by low-temperature 
distillations. 

Carbon dioxide, oxygen, illuminants, hydrogen, carbon monoxide, 
methane, ethane, and nitrogen are the quantities usually determined 
by absorption and combustion analyses. These analyses are reason¬ 
ably specific except for the hydrocarbons. The illuminants include 
acetylene, aromatics, higher olefins, and isobutane in addition to 
ethylene, the principal constituent. Some of these components may 
be determined separately. The methane and ethane reported will be 
fictitious if other saturated hydrocarbons are present, that is, 15 per 
cent CH 4 , 5 per cent C 2 H 6 , and 1.0 per cent C 3 H 8 would be reported as 
14 per cent CH 4 and 7 per cent C 2 H 6 . For combustion purposes this 
is not at all serious as the calculated heating values and products of 
combustion will be correct. Any sulphur dioxide or hydrogen sulphide 
present will be reported as carbon dioxide, unless separately determined. 

If considerably higher hydrocarbons are present, analysis by low- 
temperature distillation is advisable. This low-temperature analysis, 
however, does not distinguish among H 2 , CH 4 , CO, N 2 , and 0 2 . 
Further, carbon dioxide and acetylene are usually removed before 
analysis. Consequently such constituents must be determined 
separately. 

b. Units of Measurement.—Fuel gases are customarily measured 
as cubic feet. Because the amount of gas contained in a cubic foot 
varies with temperature and pressure, it is necessary to define the con¬ 
ditions of measurement. The most widely used standard is that of the 
American Gas Association which defines a standard cubic foot (SCF) 
as the quantity of gas contained in a cubic foot of space at 60°F and 
30 in. of mercury (14.73 psi) absolute pressure. The gas volumes are 
usually based on actual physical measurements, though frequently 
perfect gas volumes are used for simplicity, as this avoids any difficulty 
in choice of values for components that are liquid at the standard 
conditions. 

Gas sales are generally contracted on the basis of one of three 
tables as adopted by the American Gas Association, 1 the Natural 
Gasoline Association of America, 2 or the California Natural Gasoline 

1 “Fuel—Flue Gases,” American Gas Association, New York, 1940; cf. Perry, 
op. cit. 

* “Technical Manual,” 4th ed., Natural Gasoline Supply Men’s Association, 
Tulsa, 1942. 
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Association. 1 Unfortunately these tables are not in agreement. The 
American Gas Association values are based on actual gas volumes fr>r 
true gases, and perfect gas volumes for vapors of liquids. The Cali¬ 
fornia Natural Gasoline Association values are based on the perfect gas 
law (using a different value of the gas constant than is employed in this 
book). They give factors for gas-law deviation correction and 
recommend procedures for applying these to metering 2 and correc¬ 
tion of gas analyses. 3 The values in the Natural Gasoline Association 
of America table are not self-consistent. 

These differences, though the cause of considerable irritation, are 
in reality no great cause for concern, since the differences involved are 
less than the usual accuracies of gas analysis and measurement. The 
values given in this chapter are taken largely from these three tables or 
references quoted by them. No claim is made that the values chosen 
are the best available; however, an effort has been made to make the 
given data self-consistent. Values are given on both the perfect gas 
and the actual volume basis so that the reader may choose whichever 
standard appears more suitable. 

Though this book uses only the American Gas Association standard 
conditions to define the cubic foot, it should be stated that many other 
standards of gas measurement are employed. The compressed gas 
industry uses 70°F and standard atmospheric pressure (14.70 psi) as 
the basis of gas measurement. Other standards are occasionally 
encountered: 60°F and 14.70 psi; 60°F and 14.40 psi; and 32°F and 
14.70 psi. 

c. Typical Fuel Gases.—Table H-9 gives analyses, properties, and 
combustion products of some commercial fuels. 

d. Properties of Constituents of Gaseous Fuels.—Very fortunately 
nearly all properties of fuel gases are additive, and the properties of any 
fuel gas (at low pressure at least) may be readily computed from those 
of its constituents. As already mentioned under Units of Gas Meas¬ 
urement, there are two methods of doing this: by perfect gas volumes 
or by actual gas volumes. This choice is largely arbitrary and is left 
to the reader’s judgment. 


1 Matteson and Hanna, Proceedings of the April, May, June, 1942, meetings, 
California Natural Gasoline Association; cf. Oil Gas J. 

* Tentative Standards for the Determination of Superexpansibility Factors in 
High Pressure Gas Measurement, California Natural Gasoline Association , Bull. 
TS-354 (1936). 

3 Tentative Standard Method for Analysis of Natural Gas and Gasoline by 
Fractional Distillation, California Natural Gasoline Association , Bulb TS-4I1 
(1941). 



Table H-9.— Properties op Typical Commercial Gases 
(“Combustion/' 3d ed., American Gas Association, New York, 1932) 
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Table H-10 gives specific gravities, specific volumes, and heating 
values. Table H-ll gives combustion ratios for computing air and 
combustion properties. References to sources of these data have 
already been quoted in the footnotes on pages 288 and 289. 


Table H-10.—Specific Gravities, Specific Volumes, and Heats of 
Combustion of Gases and Vapors for Combustion Calculations 


Substance 

For¬ 

mula 

Molec¬ 

ular 

weight 

Specific 
gravity 
(air = 1) 

Specific 

volume 

SCF/lb 

Heat of combustion 

Btu^b 

Btu/SCF 
of perfect gas 

Btu/SCF 
of actual gas 

Perfect 

gas 

Actual 

gas 

Perfect 

gas 

Actual 

gas 

1 Gross j 

Net 

1 

Gross 

Net 

Gross 

Net 

Hydrogen. 

H ? 

2.016 

0.0696 

0.0695 

187.85 

187.98 

61,070 

51,600 

325 

275 

325 

275 

Methane. 

CH4 

16.042 

0.554 

0.555 

23.61 

23.56 

23,880 

21,520 

1011 

911 

1014 

914 

Acetylene. 

C?H? 

26.036 

0.899 

0.906 

14.55 

14.43 

21,430 

20,710 

1473 

1423 

1485 

1435 

Ethylene... 

C,H 4 

28.052 

0.968 

0.974 

13.50 

13.42 

21,640 

20,290 

1603 

1503 

1613 

1512 

Ethane. 

C 2 H 6 

30.069 

1.038 

1.046 

12.59 

12.49 

22,320 

20,430 

1772 

1622 

1787 

1636 

Propylene. 

C 3 H 6 

42.079 

1.453 

1.480 

9.000 

8.83 

21,040 

19,690 

2338 

2188 

2383 

2231 

Propane. 

C 3 H 8 

44.095 

1.522 

1.546 

8.588 

8.45 

21,660 

19,940 

2522 

2322 

2563 

2360 

1-3 Butadiene.. 

C 4 Hfi 

54.088 

1.867 

1.934 

7.002 

6.76 

20,250 

19,200 

2892 

2742 

2996 

2840 

Isobutylene. 

C 4 H 8 

56 105 

1 937 

2.008 

6.750 

6.51 

20,760 

19,420 

3076 

2877 

3189 

2968 

1-Butene. 

Ic 4 h 8 

56.105 

1.937 

2.001 

6.750 

6.53 

20,840 

19,490 

3087 

2887 

3191 

2970 

2-Butene, cis . 

c 4 h 8 

56.105 

1.937 

2.001 

6.750 

6.53 

20,800 

19,440 

3081 

2880 

3185 

2960 

2-Butene, tram . 

c 4 h 8 

56.105 

1.937 

2.001 

6.750 

6.53 

20,770 

19,410 

3077 

2876 

3181 

2955 

Isobutane. 

C 4 Hio 

58.121 

2.006 

2.066 

6.516 

6.33 

21.250 

19,630 

3261 

3013 

3357 

3101 

n-Butane. 

CJI 10 

58.121 

2.006 

2.070 

6.516 

6.31 

21,310 

19,680 

3270 

3020 

3377 

3119 

Isopentane vapor. 

C5H12 

72.147 

2.491 

2.60* 

5.249 

5.02* 

21,050 

19,480 

4010 

3710 

4194* 

388i* 

n-Pentane vapor. 

C 6 Hi 2 

72.147 

2.491 

2.61* 

5.249 

5.00* 

21,090 

19,520 

4018 

3718 

4218* 

3904* 

Benzene vapor. 

CeHe 

78.108 

2.697 

2.78* 

4.848 

4.70* 

18,020 

17,290 

3717 

3566 

3834* 

3679* 

n-Hexane vapor. 

CijHi 4 

86.173 

2.975 

3.17* 

4.395 

4.12* 

20,940 

19,400 

4765 

4414 

5082* 

4709* 

Toluene vapor. 

C 7 H 8 

92.134 

3.181 

3.31* 

4.110 

3.95* 

18,250 

17,430 

4440 

4240 

4623* 

4413* 

n -Heptane vapor. 

C7H16 

100.20 

3.459 

3.76* 

3.780 

3.47* 

20,860 

19,340 

5518 

5116 

6011* 

5573* 

7 i -Octane vapor. 

CsHl 8 

114.23 

3.944 

4.34* 

3.316 

3.01* 

20,780 

19,270 

6266 

5812 

6904* 

6902* 

Naphthalene vapor. 

CioH 8 

128.16 

4.421 

4 . 86 f 

2.955 

2.69f 

17,300 

16,710 

5854 

5654 

6431f 

6212f 

Carbon monoxide. 

CO 

28.010 

0.967 

0.968 

13.52 

13.50 

4,350 

4,350 

321 

321 

321 

321 

Carbon dioxide. 

C 0 2 

44.010 

1.519 

1.528 

8.605 

8.555 

0 

0 

0 

0 

0 

0 

Hydrogen sulphide.... 

IH2S 

34.076 

1.176 

1.189 

11.113 

10.99 

| 7,100 

6,545 

639 

589 

646 

596 

Sulphur dioxide. 

IS02 

64.06 

2.212 

2.235 

5.912 

5.85 

o 

0 

0 

0 

0 

0 

Water vapor. 

H20 

18.016 

0.622 

0.628* 

21.02 

20.82* 

0 

0 

0 

0 

0 

0 

Ammonia. 

|NHa 

17.032 

0.588 

0.596 

, 22.23 

21.91 

■ 9,668 

8,001 

435 

360 

441 

365 

Oxygen. . 

0* 

32.00 

1.105 

1.105 

11.83 

11.82 

0 

0 

0 

0 

0 

0 

Nitrogen. 

N 2 

28.016 

0.967 

0.967 

13.52 

13.52 

0 

0 

0 

0 

0 

0 

Atmospheric nitrogen.. 


28.17 

0.972 

0.972 

13.44 

13.44 

0 

5 

0 

0 

1 0 

0 

Air. 


28.966 

1.000 

1.000 

13.074 

13.069 

0 

0 

0 

0 

0 

0 


Notes: One standard cubic foot (SCF) is quantity of gas contained in 1 cu ft at 60°F and 30 in. of mercury. One 
lb mole = 378.7 SCF of a perfect gas. . ... 

Actual gas values are based on experimental gas-density measurements if available, otherwise deviation from perfect 
gas law is estimated. 

* Substance is liquid at 60°F and 30 in. of mercury; however, it can be present as a vapor component of a gas. Gas- 
law deviation is based on behavior in gas mixture. This table in no case assumes deviations over 10 per cent. Because 
of the arbitrary nature of this correction many chemists prefer to use perfect-gas-law values for vapors. 

t Naphthalene is solid at 60°F and 30 ip. of mercury. 
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Table H-ll.—C ombustion Ratios of the Light Hydrocarbons and Other 

Fuel Components 

Basis: Perfect combustion with no excess air 


Substance 

For¬ 

mula 

SCF/SCF (perfect gas) 
or mole/mole combustible 

Lb/lb of combustible 

Required for | 
combustion 

Combustion 

products 

Required for 
combustion 

Combustion 

products 

Oxy¬ 

gen 

Air 

CO 2 

H 2 O 

n 2 

Oxy¬ 

gen 

Air 

co 2 

H 2 O 

n 2 

Hydrogen. 

H 2 

■ 

0.5 

2.382 

0 

1.0 

1.882 

7.937 

34.344 

0 

8.937 

26.407 

Methane. 

CH 4 

2.0 

9.528 

1.0 

2.0 

7.528 

3.990 

17.265 

2.744 

2.246 

13.725 

Acetylene. 

C 2 H 2 

2.5 

11.911 

2.0 

1.0 

9.411 

3.073 

13.927 

3.381 

0.692 

10.224 


O2H4 

3.0 

14.293 

2.0 

2.0 

11.293 

3.422 

14.807 

3.138 

1 285 

11 385 

Ethane. 

C 2 H 6 

3.5 

16.675 

2.0 

3.0 

13.175 

3.725 

16.119 

2.927 

1.798 

12.394 

Propylene. 

C3H6 

4.5 

21.439 

3.0 

3.0 

16.939 

3.422 

14.807 

3.138 

1.285 

11.385 

Propane. 

C3H8 

5.0 

23.821 

3.0 

4.0 

18.821 

3.629 

15.703 

2.994 

1.634 

12.074 

Butylenes. 

C 4 H 8 

6.0 

28.585 

4.0 

4.0 

22.585 

3.422 

14.807 

3.138 

1.285 

11.385 

Butanes. 

C 4 H 10 

6.5 

30.967 

4.0 

5.0 

24.467 

3.579 

15.487 

3.029 

1.550 

11.908 

Pentanes. 

CbHl 2 

8.0 

38.114 

5.0 

6.0 

30.114 

3.548 

15.353 

3.050 

1 498 

11 805 

Benzene. 

C«H« 

7.5 

35.732 

6.0 

3.0 

28.232 

3.073 

13.927 

3.381 

0.692 

10.224 

Hexanes. 

C 6 H 14 

9.5 

45.260 

6.0 

7.0 

35.760 

3.528 

15.266 

3.064 

1.464 

11.738 

Toluene. 

C7H8 

9.0 

42.878 

7.0 

4.0 

33.878 

3.126 

13.527 

3.344 

0.782 

10.401 

Heptanes. 

CtHib 

11.0 

52.41 

7.0 

8.0 

41.41 

3.513 

15.20 

3.076 

1.438 

11.69 

Octanes. 

CsHlg 

12.5 

59.55 

8.0 

9.0 

46.05 

3.502 

15.15 

3.084 

1.420 

11.65 

Naphthalene. 

CioH 8 

12.0 

57.170 

10.0 

4.0 

45.170 

2.996 

12.964 

3.434 

0.562 

9.968 

Carbon monoxide... 

CO 

0.5 

2.382 

1.0 

0 

1.882 

0.571 

2.471 

1.571 

0 

1.900 

Ammonia. 

NHj 

0.75 

3.573 

SO 2 

1. 5 

3.323 

1.409 

6.097 

SO 2 

1.587 

5.511 

Hydrogen sulphide.. 

HsS 

1.5 

7.146 

1.0 

1.0 

5.646 

1.409 

6.097 

1 880 

0.529 

4.688 


5. Natural Gasoline and Liquefied Gases 

a. Units of Measurement.—Sales are usually based on gallons even 
though a “gallon” of a liquefied gas does not lend itself to precise 
definition. For this reason sales are sometimes based on standard 
cubic feet (of vapor) as in the case of gases. 

When sales are on the gallon basis, the analysis is customarily 
expressed as liquid volume per cent computed on the basis of standard 
values of liquid densities assumed to be the same for a given component 
at 60°F, regardless of the pressure and composition of the mixture. 

b. Properties of Component Hydrocarbons.—Data are given in 
Table H-12. The melting point, freezing point, liquid densities, and 
heats of vaporization at 1 atm pressure are based on the California 





















COMBUSTION 


293 


Natural Gasoline Association table. 1 The heats of vaporization at 
60°F are from various sources (or estimated), and the heats of com 
bustion are computed from those given in Table H-10. Vapor pres¬ 
sures were taken from the Natural Gasoline Association of America 
table. 2 Vapor equivalent to 1 gal was computed from the liquid densi¬ 
ties and the specific volume (Table H-10). 

As combustion ratios of a liquefied hydrocarbon are identical with 
those for its vapor, Table H-ll may be used without change. 


Table H-12.—Properties of Light Hydrocarbons 


Substance 

For¬ 

mula 

Molec¬ 

ular 

weight 

Melting 

point, 

°F 

Boiling 

point 

at 

1 atm, 
°F 

Liquid 

Heat of combus¬ 
tion, Btu/gal 

Heat of 
vaporization, 
Btu/lb 

Vapor 

pres- 

Vapor from 

1 gal 

den¬ 

sity, 

lb/gal 

Gross 

Net 

SCF 
of per¬ 
fect 

gas 

SCF 

of 

actual 

gas 

At 

boiling 

point 

At 

60°F 

sure at 
100°F, 
psi 


ch 4 

16.042 

-296.5 

-258.5 

(2.5;* 

(59,420) 

(53,520) 

245 

(110)* 


59.02 

58.90 


C 2 H 4 

28.052 

-272.6 

-154.7 

(3.3)* 

(70,920) 

(66,460) 

208 

(150)* 


44.55 

44.29 



30.069 

—297.8 

-128.2 

(3.3)* 

(73,160) 

(66,920) 

211 

(150)* 


41.55 

41.22 

Propylene. 

CJH6 

42.079 

1-300.8 

-54.0 

(4.2) 

87,740 

82,060 

189 

154 

228 

37.80 

37.09 

Propane. 

CsH 8 

44.095 

-305.8 

-43.8 

4.239 

91,180 

83,900 

183 

153 

189.5 

36.40 

35.82 

Isobutylene. 

CiHs 

56.105 

-221.3 

+19.4 

5.040 

103,820 

97,070 

172 

162 

63 

[ 34.02 

32.8* 

1-Butene. 

C 4 H 8 

56.105 

-319.0 

20.4 

5.001 

103,420 

96,670 

174 

164 

66 

33.76 

32 56 

2-Butene, cut _ 

C4H8 

56.105 

-218.7 

38.7 

5.118 

105,530 

98,570 

187 

(182) 


34.55 

33 42 

2-Butene, trana .. 

CiHs 

56.105 

-158.4 

33.7 

5.118 

105,380 

98,420 

183 

(178) 


34.55 

33 42 

Isobutane. 

CiHio 

58.121 

-229.0 

10.0 

4.697 

99,110 

91,500 

158 

146 

73.5 

30.61 

29.73 

n-Butane. 

CiHxo 

58.121 

-218.2 

31.1 

4.863 

102,850 

94,980 

166 

159 

52.0 

31.69 

30.69 

Isopentane. 

CsHu 

72.147 

-257.1 

82.4 

5.201 

108,700 

100,430 

146 

151 

20.3 

27.30 

26.11 

n-Pentane. 

CsHis 

72.147 

-201.5 

97.0 

5.251 

110,060 

101,760 

153 

160 

15.5 

27.56 

26.26 

Benzene. 

CcHs 

78.108 

+41.9 

176.2 

7.344 

131,750 

125,660 

170 

184 


35.60 

34 52 

n- Hexane. 

CsHii 

86.173 

-139.9 

155.7 

5.526 

114,830 

106,320 

146 


6.1 

24.29 

22.76 

Toluene. 

CtHs 

92.134 

-139.2 

230.9 

7.244 

130,900 

124,230 

156 



29.77 

28 61 

n-Heptane. 

C7H16 

100.2 

—131.4 

209.1 

5.727 

118,550 

109,840 

138 


1.6 

21.65 

19.87 

n-Octane. 

CsH 16 

114.2 

-70.2 

258.1 

5.885 

121,350 

112,460 

131 


0.5 

19.51 

17.71 


* Pure methane and ethylene do not exist as liquids at 60°F. Values given are intended to represent those of their 
solutions in hydrocarbon matures. Pure ethane does exist as a liquid of density of 3 lb/gal. The values given intend to 
represent properties in dilute solutions. 


c. Vapor Pressure and Storage. —The vapor pressure of natural 
gasoline is customarily determined by the Reid apparatus. The 

See footnote, p. 289. 

See footnote, p. 288. 
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Fig. H-5.—Vapor pressures of motor and natural gasolines. (By permission, Chicago 
Bridge & Iron Company.) 

resulting Reid pressure is closely related to the true vapor pressure, 
but not identical owing to inadequacies of the test. Figure H-5 gives 
the approximate relation to the true vapor pressure and also permits 
estimation of vapor pressures over a range in temperature. 
















COMBUSTION 


295 


Where the vapor pressure is not known, approximate values may 
be obtained from the vapor pressures of components and Raoult s 
law—or better from vaporization constants (see Chapter L). 

The Natural Gasoline Association of America 1 recommends storage 
pressures based on vapor-pressure data as follows: 

SP = FP + (14.7 - IP) II - 14.7 

where SP = storage pressure, psig 

FP = vapor pressure of liquid at maximum surface tempera¬ 
ture, psia 

IP = vapor pressure of liquid at minimum surface temperature, 
psia 

FT = maximum absolute temperature in vapor space, °R 
IT = minimum absolute temperature in vapor space, °R 



Fig. H-6.—Graph showing storage pressure required to prevent standing losses 
from volatile products. (“ Technical Manual” Natural Gasoline Supply Men's Associ¬ 
ation, Tulsa, 1941.) 

The storage pressure may be more simply determined by Fig. H-6 
which is based on the above relation and the assumptions listed below: 

1 . Minimum surface temperature 10°F less than maximum liquid 
surface temperature. 

2. Maximum vapor space temperature 40°F greater than maximum 
liquid surface temperature. 

3. Minimum vapor space temperature 15°F less than maximum 
liquid surface temperature. 

These assumptions are extreme and lead to higher storage pressures 
than are frequently required. 

1 See footnote, p. 288. 
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Table H-13.— Heat Distribution 
(Haslam and Russell, “Fuels and Their Combustion,” 



Boiler 

Gas producer 

Blue 
water 
gas set 

| 

Carbureted 
water gas 
set 

Oil gas set 

Coke oven 

1 

1 . Heat input (per cent of total heat): 







(a) Potential heat in fuel. 

91.9 

96.3 

93.3 

Coal 57.3 

96.7 

Coal 92 8 





Oil 38.5 


Gas 7.2 

(6) Heat in auxiliaries (air and steam) 

0.0 

2 7 

6.7 

4.1 

3.0 

0.0 

(c) Heat in raw materials. 

8.1 

0.0 

0.0 

0.0 

0.0 

0.0 

Total . 

100.0 

100.0 

100.0 ! 

100.0 

100.0 

100.0 

2. Heat output. 







(o) Heat m product. 

71.2 

72.7 

49.9 

I 

60.2 

42.8 

87.5 

(6) Heat absorbed in reactions. 







( e) Furnace efficiency. 

71.2 

Hot 90 2 

49.9 

60.2 

42 8 

87.5 



Cold 72.7 





(d) Heat losses, total. 

28 8 

Hot 9.8 

50.1 

39.8 

57.2 

12.5 



Cold 27.3 





(1) Stack loss. 

21.0 

Sensible heat 

39.2 

19.2 

7.2 

2.3 



in producer gas 







17.5 





(2) Cinder loss. 

3.9 

1.7 

7.0 

4.0 

0.0 


(3) Radiation loss. \ 

Q A 

Q 1 

Q Q 

O 7 

1.4 

1.2 

(4) Unaccounted-for losses.f 


O. 1 

o.y 

3.7 

1 3 

2.5 

(5) Cooling water loss. 







(6) Miscellaneous. 





Potential 

Sensible heat 

Accounted-for losses. 





heat in 

in coke 4.1 



j 



carbon 9.5 

Sensible heat 






Potential 

in gas 2.2 






heat in 

Sensible heat 






tar 3.1 

in tar 0.2 

Remarks... 





Potential 





. 


heat in 







lamp-black 







26 2 







Other 







losses 8.5 



6. Combustion Data and Calculations for Fuels in General 

a. Definitions of Heating Value.—There are two common heating 
values in use: net and gross. The difference between these values 
arises because one product of combustion, water, is produced as a 
vapor on burning the fuel but is condensed to liquid on recooling to 
room temperature. 

The net heating value of a fuel is defined as the heat produced on 
combustion of the fuel at any given temperature (usual practice, 60°F) 
and assuming that the products of combustion are cooled back to the 
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in Industrial Furnaces 

McGraw-Hill Book Company, Inc., New York, 1926) 




Billet furnace 









Blast 

furnace 

Open- 

hearth 

furnace 

Non- 

continu- 

ous 

Con¬ 
tinuous 
with re- 

cupera- 

Rotary 

cement 

kiln 

Ro¬ 

tary 

lime 

kiln 

Shaft lime kiln, 
producer 
gas fired 

Down- 

draft 

brick 

kiln 

Tunnel 

kiln 

con¬ 

tinuous 

Tunnel 

kiln 

Dressier 

Ring- 

type 

brick 

kiln 

Blast¬ 

furnace 

stove 




tor 









93.1 

95.0 

100.0 

100.0 

100.0 

100.0 

95.9 

100.0 

100.0 

100.0 

100.0 

100.0 

6.8 

0.0 

0.0 

0.0 

0.0 

0.0 

4 1 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

5.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100 0 

100.0 

100.0 

8.2 

Steel 21.6 

25.0 

52.5 

14.1 

12.3 

12.0 

23.7 

17.2 

67.2 

51.5 

62.0 


Slag 3.1 











28.4 

-7.9 



22.4 

28.4 

35.0 

2.7 

7 9 

0.0 

0.0 

0.0 

36.6 

11.8 

25.0 

52.5 

22.4 

28.4 

35.0 

26.4 

25.1 

67.2 

51.5 

62.0 

63.4 

88.2 

75.0 

47.5 

77.6 

71.6 

65.0 

73.6 

74.9 

32.8 

48.5 

38.0 

56.0 

62.0 

40.0 

29.3 

48.3 

41.2 

30.6 

33.3 

27.9 

8.3 

38.2 

18.6 

6.1 


2.0 




0.7 

0.0 

3.3 




0.3 

21.2 

27.0 

16.1 

15.2 

7.9 

10.2 

12.4 

40.3 

43.7 

5.4 

10.3 

10.1 

2.0 


4.0 

2.1 



4.7 





2.6 


Heat in 



Loss in pro¬ 
ducer gas main 



Heat in 


6.7 

Potential 


slag 2.0 






trucks 


heatin blast¬ 






4.6 



19.1 



furnace gas 






Over-all bal¬ 






is not a real 






ance includ¬ 






loss because 






ing producers 






later used 






and kiln 







initial temperature, the water vapor being uncondensed. 1 The gross 
heating value of a fuel is defined as the total heat developed after the 
products are cooled back to the starting point, assuming that all of the 
water is condensed. 1 

In practice, neither heating value can be experimentally realized. 
A combustion calorimeter does cool the burned gases to nearly the 
original temperature, condensing most of the water and thus approxi¬ 
mating closely the gross heating value as just defined. The differences 

1 “Combustion,” 3d ed., American Gas Association, New York, 1932, cf. 
A.S.T.M., Tentative Standard, D 407-35T, for more precise definitions. 
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due to uncondensed water vapor saturating the fixed gases and to 
solubility of gases in water are cause of concern to the thermochemist 
but need not concern us here. In actual furnaces the combustion 
products leave the stack without condensation of water vapor, so that 
the net heating value is closer to the heat realized by industrial use. 

Since both heating values are essentially arbitrarily defined, it 
follows that choice between the two is largely one of taste. The net 
heating value is preferred by many European workers, whereas the use 
of gross heating values is more common to American practice and will 
be used for most purposes in this book. The units of heat used here 
are the British thermal unit (Btu) and the therm (100,000 Btu). 

b. Excess Air and Furnace Losses.—Table H-13, pages 296-297, 
presents the heat distribution for several types of combustion equip¬ 
ment. It will be noticed that the stack loss is, in general, the most im¬ 
portant item, though other losses frequently are of the same importance. 

The stack loss is determined to some extent by the fuel employed, 
but to a greater extent by the temperature and the quantity of excess 
air. Figure 11-7, or by the equation given with it, permits estimation 
of the quantity of excess air when carbon monoxide, carbon dioxide, 
sulphur dioxide, water vapor, oxygen, and nitrogen are the sole com¬ 
ponents of the stack gas, and the fuel is itself free from nitrogen. The 
relatively small nitrogen content of typical fuels (except, perhaps, 
producer gas) does not, in practice, impair the calculations. Other 
components are rarely present unless a deficiency of air is employed. 
Flue gases high in carbon monoxide may, however, also contain some 
unburned hydrogen and hydrocarbons resulting from local deficiencies 
of oxygen, particularly if the distribution of air to the burners or to 
various parts of coal bed is not uniform. 

For a given fuel of constant known composition, the excess air may 
be computed from either the oxygen or carbon dioxide content of the 
stack gas. This result is more accurate if based on oxygen, but carbon 
dioxide is usually more convenient especially if a carbon dioxide 
recorder is available. Excess may be computed by the following 
formula: 


E = 7900 


b — a 
o( 100 -6) 


where E = per cent excess air 

a = per cent CO 2 (+ CO, if also present) 
b = ultimate per cent CO 2 for perfect combustion (values for 
commercial gases are given in Table H-9) 

Actually this is only one method of estimating. Others are illustrated 
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in Examples H-l to H-3. Figures H-8 to H-14 permit rapid estimation 
of stack losses for different fuels as follows: 


Bituminous coal 

Coke. 

Producer gas 
Coke-oven gas.. 

Natural gas. 

Various gases... 


Fig. H-8 
Fig. H-9 
Fig. H-10 

Figs. H-ll and H-l2 
Fig. H-13 
Fig. H-14 


14 -q 
o 13 - 

(D 

1512 - 

_o 

& II - 
>* 

o io- 
c 

''Tm 9 -3 






<0 O -V 



eg 

r 200 

o' c Di red ions: 

£? Place straightedge to intersect 
100 ^<3 the observed 7o 0 Z and % CO^: 

then read % excess air from 
? £ line representing observed %C0 
60 .c<£ 


This chart solves the formula: 


% excess air = 


°Io O 2 “ 2 CO 

|% N 2 -f7o0 2 -£%C0) 


■100 


Applicable when: 

I.Fuel is free from nitrogen 
2 Dry stack gas contains only nitrogen, 
oxygen,carbon dioxide, carbon mon- 
oxide, and sulfur dioxide 
Fig. H-7.—Excess air from stack-gas analysis. 


(O 

c a 
o <£> 


.2 vo 


.n c 

i_ 

O CM 

o 
- 4 — </> 
c + 

a> cm 
<_) O 


r-25 


P -20 




0-T3 F 


E .2 

D O 


t- 


O 3 
o VO 


P-10 


F~5 


These charts permit the direct computation of losses and excess air 
from the per cent of carbon dioxide in stack gas and stack temperature. 
The accuracy will, however, be improved if the excess air is estimated 
independently either from Fig. H-7 or by algebraic methods. This is 
particularly true if the composition of fuel differs from those on which 
the chart is based. For high accuracy or for fuels not covered by the 
charts, direct computation is required. Methods are illustrated in 
Examples H-2 and H-3. 

Theoretically, the maximum furnace efficiency is highest when a 
minimum of excess air is employed. Practical difficulties in securing 
close regulation of air may, however, dictate a large amount of air to 
ensure excess air at all times and throughout the furnace, particularly 
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when the air flow is subject to the vagaries of natural draft. In forced 
draft installation regulation is easier. Also gas burners can be regu 
lated fairly closely even with natural draft, 'provided a draft break i 

$4ack Loss fop Coals 
Coal Vol. F.C. Ash C H 2 0 2 C:n?fl? 2 
"1- IQI8 83.47 6.35 86.86 3.49 1.88 86.6 14.593 


2-34.82 54.58 105 0 75.94 5-07 5.85 17.5 13,606 
Per Cent Loss due Heatof Condensation of Water 2.3 3.5 


Pfer Cent Loss due +o CO 



0 10 20 30 40 50 60 10 80 90 100 110 120 130 140 150 
Excess AiV, per cent 

^ iQ- H-8.—Chart for graphical determination of per cent excess air and per cent 
stack loss in a furnace fired with a high-volatile or low-volatile bituminous coal. (Has- 
lam and Russell, "Fuels and Their Combustion," McGraw-Hill Book Company, Inc.. 
New York, 1926.) 

employed between the furnace flue and the stack. Excess air is fre¬ 
quently employed to reduce the flame temperature (see discussion 
under that heading) and permit the use of cheaper refractories or avoid 
the need for water-cooled walls. In some metallurgical and ceramic 
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furnaces the need for a controlled oxidizing or reducing atmosphere 
dictates the quantity of air employed. For one or more of these reasons 
excess air ranges from small to over 100 per cent excess air in practice. 
Unfortunately, no simple rule is available to cover the wide variety of 
installations that may be encountered. 



Fig. H-9.—Chart for graphical determination of per cent excess air and per cent 
stack loss in a coke-fired furnace. (Haslam and Russell , "Fuels and Their Combustion, 
McGraw-Hill Book Company, Inc., New York, 1926.) 

In stoker-fed furnaces the cinder leaves hot, and still contains 
appreciable combustible material. For purposes of estimation, the 
cinder may be assumed to have a mean specific heat of 0.25 Btu/( F) 
(lb), and the unburned material may be assumed to be carbon and to 
have a heating value of 14,000 Btu/lb. Estimating cinder loss is 
illustrated in Example H-3. 

Furnace losses besides stack and cinder are largely heat leak by 
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radiation and convection which may be estimated by standard methods 
of heat transfer (see Chapter G). 



Fig. H-10.—Chart for graphical determination of per cent excess air and per cent 
stack loss in a furnace fired with producer gas. (Haslam and Russell, “ Fuels and Their 
CombustionMcGraw-Hill Book Company, Inc., New York, 1926.) 

c. Flame Temperature.—The maximum temperature of a flame 
depends on the nature of fuel, the quantity of air used in its combus¬ 
tion, and, finally, the initial temperature of fuel and air. The flame 
temperature is useful for estimating firebox temperatures. At these 
high temperatures heat conduction through furnace walls is so rapid 
that the surface of the brick is less than that of the flame. A refrac¬ 
tory capable of withstanding a temperature of 300°F below the flame 
temperature will be satisfactory. If the furnace walls are water- 
cooled, this difference may, of course, be considerably greater. 

Figure H-15 gives flame temperatures of Pittsburgh natural gas 
with various quantities of air. Table H-9 gives the flame temperature 
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of a number of commercial gases when burned with no excess air. 
Figure H-16 shows the effect of preheating air and fuel. It will be 
noticed that the temperatures do not vary markedly and that Fig. 



Excess Air, percent 


Fig. H-ll.—Chart for graphical determination of per cent excess air and per cent 
stack loss in a furnace fired with coke-oven gas. (Haslam and Russell , “ Fuels and 
Their Combustion,” McGraw-Hill Book Company, Inc., New York, 1926.) 


H-15 may be used for rough estimates of flame temperatures of a 
number of gaseous fuels. 

Flame temperatures of liquid fuels would be expected to be lower 
than those of gaseous fuels owing to the heat used in vaporizing the 
fuel; however, because of the relatively higher combustion values of 
the heavy hydrocarbons, the difference may be small (see Example 
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Fig. H-12.—Alignment chart for flue losses. Coke-oven gas 520 to 590 Btu/SCF 
(“Fwef —Flue Gases," American Gas Association , New York , 1940.) 


H-4). Flame temperatures of coal and coke are lower because of their 
oxygen content. 

The calculation of flame temperatures is theoretical. However, 
calculated values have been closely approached (at least for fast-bum- 
ing gases) by experimental temperatures which are but slightly lower 
because of small unavoidable heat losses. If no heat is lost, the heat 
content of the products of combustion must be equal to the heat of 
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combustion plus the heat content of the fuel and air (or oxygen). At 
the high temperatures frequently involved, however, carbon dioxide 
and steam dissociate, oxides of nitrogen may be present, and even 



100 

Fia. H-13.—Alignment chart for flue losses. Natural gas 1060 to 1190 Btu/SCF 
(“Fuel —Flue Gases,” American Gas Association, New York, 1940.) 

atomic hydrogen and oxygen may be formed. Correction for the heats 
of these reactions must be made, and the computations are rendered 
very tedious so that details of the exact method will be omitted. 
Persons requiring data for exact calculations may find methods out- 



306 


MANUAL FOR PROCESS ENGINEERING 


Per Cent Excess Air 



Fig. H-14.—Combustion chart for natural, mixed, and oil gases, giving heat losses 
for various percentages of excess-air and flue-gas temperatures. {Graf, “Gas Engi¬ 
neers' Handbook ,” McGraw-Hill Book Company, Inc., New York, 1934.) 

lined in good texts on physical chemistry. An excellent and very 
readable treatment is given by the American Gas Association. 1 A 
very scholarly discussion based on the best thermodynamic data avail¬ 
able has been given by Lewis and von Elbe. 2 


1 “ Combustion,” op. cit. 

*Phil Mag , 20, 44 (1935); J . Am. Chem. Soc 67, 612, 2737 (1934). 
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The error caused by neglect of dissociation is illustrated by the 
dotted line in Fig. H-15. It will be noted that, for no excess air, the 
discrepancy with the exact value is about 200°F and becomes negligible 
at 25 per cent excess air. This is due partly to the lower temperature 



and partly to repression of dissociation by the free oxygen contained in 
the excess air. Consequently it may be seen that if more than 20 per 
cent excess air is used, neglect of dissociation is justifiable for most 
process purposes, provided the temperatures are in the range of Fig. 
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H-15. If the flame temperature is much higher because of the use of 
preheated air or the use of pure oxygen, this may not be true. Exam¬ 
ple H-4 gives one method of calculation of flame temperatures neglect¬ 
ing dissociation. 



Temperature of Preheated Constituents; Air, or/Air and Gas,°f; 

Fig. H-16.—Effect of preheat on flame temperature. (“ Combustion3d ed., American 
Gas Association, New York, 1932.) 

d. Illustrative Examples. —The underlying principles of combus¬ 
tion calculations are very simple and are outlined below. 

1 . Combustion reactions: 

C + %0 2 = CO (incomplete combustion) 

C + O 2 — CO 2 
2 H + y 2 0 2 = H 2 0 
h 2 + y 2 o 2 = h 2 o 
s + o 2 = so 2 

p + %o 2 = MP2O5 

C c H*0 0 N n S. + (c + Hh - Ho + 5 )0 2 = cC0 2 + y 2 KR 2 0 

+ HnN 2 + sS0 2 

2. Material balance: 

Carbon in = carbon out 
Hydrogen in = hydrogen out 
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3. Heat balance: 

Heat in = heat out 

Heat in includes sensible heat and heat of combustion 

Heat out includes sensible heat and heat of combustion of 
unburned material; also includes latent heat of water vapor if 
gross heat of combustion is used 

These principles together with data on fuels (such as given in 
earlier sections of the chapter and in Chapter E) permit computation 
of heat losses, fuel and air required to supply needed heat, flame tem¬ 
perature heat losses, and similar problems. Methods of application 
are probably better shown by illustrations than by abstract discussion. 
Five examples follow. 

Example H-l. Compute the combustion products and stack-gas analysis 
from one pound of Knife River Lignite when completely burned with 40% 
excess air. Composition of this coal may be taken from Table H-2. 

Solution: 

1. Weight of ash- and moisture-free coal (lignite), 


% moisture. 35.6 

% ash. 5.6 

Total. 41.2 

Ash- and moisture-free coal = 100 — 41.2 = 58.8% or 0.588 lb/lb 

2. Air required (factors from Table H-4) to burn, 

C: 0.588 X 0.720 X 150. 63.5 SCF/lb 

H: 0.588 X 0.047 X 448. 12.4 

O: 0.588 X 0.211 X (-56.3).-7.0 

S: 0.588 X 0.012 X 56.2. JL4 

Subtotal. 69.3 

40% excess = 0.40 X 69.3. 27.7 

97.0 SCF/lb 


3. Nitrogen in flue gas, 


From air = 0.79 X 97.0. 76.6 SCF/lb 

From fuel = 0.588 X 0.010 X 13.5. 0.1 

Total. 76.7 

4. Oxygen in flue gas, 

Oxygen in excess air = 0.21 X 27.7. 5.82 
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5. Carbon dioxide in flue gas, 

0.588 X 0.720 X 31.4. 13.3 

6. Sulphur dioxide in flue gas, 

0.588 X 0.012 X 11.7. 0.08 

7. Flue products exclusive of water vapor, 

Total of items 3 to 6. 95.9 

8. Composition of dry stack gas, 

% (C0 2 + S0 2 ) = 100 13 ' 3 9 + 9 0 08 . 14.0 

5 82 

% 02 = 100 9^9 . 61 

%N.-iooSK. KU) 

Total.. 100.0 

9. Water vapor in flue gas, 

From burning H, 

0.588 X 0.047 X 189. 5.2 SCF/lb 

From moisture in coal, 

0.356 X 21.02. 7.5 

Total. 12.7 SCF/lb 

10. Total flue products, 


Items 7 and 9 = 108.6 SCF/lb of coal 

Example H-2. A furnace is fired with Los Angeles natural gas of composi¬ 
tion given by Table H-9. The stack temperature is 620°F, and the stack gas is 
9.1 % C0 2 , 0.0 % CO, and 6.1 % 0 2 . Find the per cent gross heating value lost 
as heat content of stack gas (stack loss). 

Solution: 

1. Stack products from 1 SCF of fuel excluding excess air (data from 
Table H-9), 


N 2 . 7.94 SCF/SCF 

CO*. 1.16 

Subtotal. 9.10 

H 2 0. 2.10 

Total. 11.20 SCF/SCF 
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2. Excess air computed from % C0 2 , 

Let x — SCF excess air/SCF of fuel. 

% C0 2 = 100 g^- x = 9.10 

9.10 + * = gy = 12.75 

Excess air = 12.75 - 9.1 = 3.65 SCF/SCF of fuel 
( % excess air = 100 = 36.3 

3. Excess air computed from % 0 2 , 

Flue gas contains 6.1% 0 2 , or 6.1/0.21 = 29.0% air. 

29 

Volume of excess air = ^qq — — gg 9-10 = 3.72 SCF/SCF of fuel 
3.72 

(% excess air = 100 = 37.0%, and this value agrees with that computed 

from % C0 2 ) 

4. Total combustion products, 

Use excess air as computed from % 0 2 . 

Total N 2 = 7.94 + 0.79 X 3.72 = 7.94 + 2.94. ... 10.88 SCF 

0 2 = 0.21 X 3.72. 0.78 SCF 

(C0 2 , H 2 0 from item 1) 

5. Heat content of flue products, 


Gas 

SCF 

Btu/SCF 
(from Fig. E-10) 

Btu 

n 2 

10.88 

10.4 

113.1 

0 2 

0.78 

10.8 

8.4 

co 2 

1.16 

15.1 

17.5 

h 2 o 

2.10 

12.3 

25.8 

Total sensible heat above 60°F . 


164.8 Btu/SCF fuel 

Latent heat, 



H 2 0 ! 

1 210 

50.36 

105.6 

Total heat content above 60°F. 


270.4 Btu/SCF fuel 





This is the stack loss. 


6. % stack loss, 100 


270.4 
1073 “ 


25.2% 
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Example H-3. Find the quantity of coal required for firing a calcining 
kiln. The heat required for the calcining process is 4,500,000 Btu/hr. The 
coal to be used is very similar to the Lower Freeport coal listed in Table H-2. 
From similar type installations, using a different coal, it was found that 
(1) the stack analysis was 11.0% CO 2 , 1.2% CO, and 6.6% O 2 ; (2) the stack 
temperature was 800°F; (3) the cinder contained 22% combustible; and, 
(4) heat loss by radiation, convection, and miscellaneous factors was about 
8% of the heating value of the fuel. 

Solution: 

Method: Find heat supplied per pound of coal and from this the amount 
required. 

1. Heating value of coal — 14,310 Btu/ib 

2. Cinder formed from 1 lb coal, 

Ash content — 0.064 lb 

Total cinder formed = ^ ^"6^2 = ^ 

Combustible left in cinder = 0.22 X 0.082 = 0.0180 lb 

3. Cinder loss per pound of coal, 

Sensible heat (at 1000°F) = 0.082 X (1000 — 60) X 0.25 (taking 


specific heat as 0.25). 19 Btu/lb 

Heat of combustion = 0.018 X 14,000 . 252 

Total loss. 271 Btu/lb 


or 


100 


271 

14,310 


1.9% 


4. Combustible material per pound of coal, 


Ash. 

Moisture 
Total.. 


0.0641b 

0.020 

0.084 


Ash- and moisture-free coal = 1 — 0.084 = 0.916 lb. 


C = 0.916 X 0.886*. 0.812 

H = 0.916 X 0.053. 0.048 

O = 0.916 X 0.038. 0.035 

N = 0.916 X 0.015. 0.014 

S = 0.916 X 0.008 . 0.007 

Total. 0.916 

* 0.886 - % C/100, etc. 


Carbon actually burned, 


0.812 - 0.018 = 0.794 lb/lb coal 
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5. Products of perfect combustion per pound of coal excluding excess air, 


C0 2 from C = 0.794 X 31.38. 24.9 SCF/lb 

H 2 0 from moisture = 0.020 X 21.02. 0.42 

H 2 O from H = 0.048 X 188.7. 9.05 

Total water vapor. 9.5 

S0 2 from S = 0.007 X 11.69. 0.1 

Nitrogen from 

C = 0.794 X 118.5. 94.1 

H = 0.048 X 353.6. 16 9 

N = 0.014 X 13.5. 0.2 

S = 0.007 X 44.4. 0,3 

Subtotal. 111.5 

Less credit for oxygen in coal, 

-0.035 X 44.5.... -L5 

Total nitrogen. 110.0 

Total products of combustion. 144.5 


(Factors used above are from Table H-4, except specific volume of steam, 
which is from Table H-10.) 

6. Correction for carbon monoxide, 

C0 2 + CO + S0 2 = 24.9 + 0 + 0.1 = 25.0 SCF/lb coal (result of 5) 

If CO in the proportion represented by 1.2% CO and 11.0% C0 2 , 


CO formed = 25.0 i y yy y. 2.4 SCF/lb coal 

Leaving C0 2 + S0 2 = 25 - 2.4. 22.6 SCF/lb coal 


Nitrogen produced in combustion of CO 

= 1.9 SCF/SCF of CO (Table H-ll) 
or 

1.9 X 2.4 = 4.6 SCF/lb coal 

This nitrogen was included in calculation 5 but should be omitted as the 
CO was not actually burned. 

Corrected flue products are then, 

N 2 = 110.0 - 4.6 = 105.4 SCF/lb coal 
Total = 144.5 - 4.6 = 139.9 
H 2 0 = 9.5 

Exit stack gas, dry basis = 139.9 — 9.5 = 130.4 SCF/lb 
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7. 

Let y 
0 . 212 / 

%0 2 


Excess air, 

= SCF of excess air/lb of coal 
= SCF of excess oxygen/lb of coal 
0 . 212 / 


= 6.6 = 100 


130.4 + y 

861 + 6 . 62 / = 21 y 
14.4?/ = 861 

y = 59.8 SCF/lb coal 


Oxygen - 0.21 X 59.8. 12.6 SCF/lb 

Nitrogen = 0.79 X 59.8. 47.2 

Total. 59^8 SCF/lb 


8 . Total products of combustion including excess air, 



SCF/lb 

% 

C0 2 + SO 2 (from calculation 6).. 

22 6 

11.9 

CO (from calculation 6).. 

2.4 

1.3 

0 2 (from calculation 7). 

12.6 

6.6 

N 2 = 47.2 + 105.4 (from 6 and 7). 

152.6 

80.2 


Subtotal. 

190.2 

100.0 

H 2 0. 

9.5 

Total... 

199.7 





It will be noted that the % C0 2 and CO do not quite agree with the stack- 
gas analysis given. This is not surprising in view of inaccuracies of gas 
analyses and the difference between this coal and the one previously used. 

9. Stack loss per pound of coal, 

Sensible heats (from Fig. E-ll) at 800°F. 



Btu/SCF 

SCF 

Btu 

C0 2 4“ SO^. 

20.6 

22.6 

466 

CO. 

13.9 

2.4 

33 

0 2 . 

14.5 

12.6 

183 

N 2 . 

14.0 

152.6 

2,136 

h 2 o. 

16.4 

9.5 

156 

Subtotal. 



2,974 

Condensing water. 

50.4 

9.5 

479 

Subtotal. 



3,453 

Combustion of CO. 

321 

2.4 

771 

Total. 



4,224 
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10. Total losses and heat supplied per pound of coal, 



Btu/lb coal 

% of heating value 

Cinder. 

271 

1.9 

Stack. 

4,224 

29.6 

Heat leak, etc. 

1,145 

8.0 

Total. 

5,640 

39.5 

Heating value of coal. 

14,310 


Net heat supplied. 

8,670 



11. Coal required, 


Heat required = 4,500,000 Btu/hr 

Coal = ~ = 520 lb/hr 


520 2 qqq = 6.24 tons/24-hr day 


Example H-4. A furnace is being converted from coal to oil. The refrac¬ 
tories in the firebox are considered safe for a flame temperature of 2600°F. 
Find the minimum of excess air required to assure a flame temperature 
of 2600°F or below. The oil to be used has gross heating value of 17,500 
Btu/lb and may be taken as 90% carbon and 10% hydrogen (neglecting 
sulphur, oxygen, and nitrogen also present). 

Solution: 

1. Products of perfect combustion of 1 lb of oil (factors from Table H-4), 


CO 2 from C 0.90 X 31.38. 
H 2 0 from H 0.10 X 188.7 
N 2 from C 0.90X118.5.. 
N 2 from H 0.10 X 353.6.. 

Total N 2 . 

Total. 


. 28.2 SCF/lb 

. 18.9 

106.6 

35.4 

. 142.0 

. 189.1 SCF/lb 


2. Heat content of these products at 2600°F, 


Sensible heats from Fig. E-12. 



SCF 

Btu/SCF 

Btu/lb oil 

C0 2 . 

28.2 

84.0 

2,368 

n 2 . 

142.0 

52.0 

7,384 

H 2 0 sensible. 

18.8 

65.4 

1,230 

II 2 0 condensing. 

18.8 

50.4 

948 

Total. 



11,930 
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3. Heat content of air at 2600°F, 


0 2 0.21 X 64.8. ... 

N 2 0.79 X 52.0. 

Total. 

4. Excess air, 

Heat of combustion.. 
Less heat of products 
Residue. 


11.6 

41.1 

52.6 Btu/SCF 

17,600 Btu/lb 
11,930 
5,570 


For heat balance, this residue must equal the heat content of excess air, 


5570 

Excess air, then = = 106.0 SCF 

N 2 142 

Air for perfect combustion = = 180 SCF 

% excess air = 100 10 ^ 8 o = 59 % 


5. Composition of stack gas, 


C0 2 from calculation 1. 

0 2 from calculation 4 = 0.21 X 106. 
N 2 from calculation 4 = 0.79 X 106 

N 2 from calculation 1. 

Total. 

%C0 2 

%0 2 

%N 2 
Total 


- 100 HI. 

- ™ IS. 


28.2 SCF 

22.3 
83.7 

142,0 

276.2 


10.2 

8.1 

81.7 

100.0 


Example H-5. Compute factors similar to those in Table H-4 for 
phosphorous. 

Solution: 

1. Reaction, 

4P + 50 2 = 2P 2 0 8 

Molecular weight. 30.98 32.00 141.96 

No. of moles. X 4 X 5 X2 

Pounds. 123.92 + 160.00 = 283.92 
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2. Weight ratios: 

OQO QO 

Lb P 2 0 6 /lb P = . 2 2912 

1 Aft 

Lb 0 2 /lb P = ^23^92. 1 2912 

P 2 0 8 — 0 2 = P. 1.000 (check) 


3. Volume of oxygen on basis of perfect gas law, 

123.92 lb phosphorous = 5 moles of oxygen 


or 


5 X 378.7 SCF (from definition of standard cubic foot) 
k y 378 7 

SCF oxygen/lb P = ^3 92 = 15 -280 


4 . Volume of air and nitrogen, 

Take air as 21 % 0 2 , 79% N 2 . 

_ 15.280 _ 

Alr ” 0.21 72,76 

Nitrogen = 72.76 X 0.79 = 57.48 

Check: 0 2 + N 2 = 57.48 + 15.28 = 72.76 


5. Weight of air, 

1 lb air = 13.074 SCF of perfect gas. 

79 7fi 

Weight air = ^ 3^ 74 =5.56 lb/lb P 

1.291 

Check: Air is 23.2 weight % 0 2 and weight air = ^32 = 5-56 lb / lb P ' 


6. Weight nitrogen: 

Air — oxygen = 5.56 — 1.29 = 4.27 lb/lb P 






CHAPTER I 


POWER 

Although the process engineer is rarely required to design a power 
plant, he is called on to state the process utility demands in a form 
digestible by the power-plant engineer. This may necessitate a revi¬ 
sion of part or all of the process to secure a balance between the various 
forms of heat and power that favor a low over-all cost. Information 
here given is intended for these purposes rather than for final power- 
plant design. Power and its allied subjects have been well treated by 
many engineers. A few useful references are given below. 

Croft (rev. by Purdy), “ Practical Heat,” 2d ed., McGraw-Hill Book Company, 
Inc., New \ork, 1939. 

Croft (rev. by Tangerman), “Steam Engine Principles and Practice,” 2d ed., 
McGraw-Hill Book Company, Inc., New York, 1939. 

Croft (rev. by Purdy), “Steam Boilers,” 2d ed., McGraw-Hill Book Company, 
Inc., New York, 1937. 

Ripper, “Steam Engine Theory and Practice,” Longmans, Green and Company, 
New York, 1932. 

Barnard, Ellenwood, and Hirshfeld, “Elements of Heat-power Engineering,” 
John Wiley & Sons, Inc., New York, 1933. 

Butterfield, Jennings, and Luce, “Steam and Gas Engineering,” D. Van Nostrand 
Company, Inc., New York, 1938. 

Craig and Anderson, “Steam Power and Internal Combustion Engines,” 2d ed., 
McGraw-Hill Book Company, Inc., New York, 1937. 

Norris and Therkelsen, “Heat Power,” 2d ed., McGraw-Hill Book Company, Inc., 
New York, 1939. 

Rudorff, “The Superheater in Modern Power Plant,” Pitman Publishing Corpora¬ 
tion, New York, 1938. 

Powell, “Boiler Feed Water Purification,” McGraw-Hill Book Company, Inc., 
New York, 1927. 

Morrison, “Diesel Engineering Handbook,” Diesel Publications, New York, 1940. 
Anderson, “Diesel Engineering,” McGraw-Hill Book Company, Inc., New York, 
1938. 

Von Bongart, “Diesel Engines,” ,D. Van Nostrand Company, Inc., New York, 1938. 
Creager and Justin, “Hydro-electric Handbook,” John Wiley & Sons, Inc., New 
York, 1927. 

Barrows, “Water Power Engineering,” 3d ed., McGraw-Hill Book Company, Inc., 
New York, 1943. 

A. S. M. E. Power Test Codes. 

Keenan and Keyes, “Thermodynamic Properties of Steam,” John Wiley & Sons, 
Inc., New York, 1936. 
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1. Boilers 

a. Boiler Efficiency.—The fraction of the heating value of the fuei 
burned which is transferred to the boiling water is the boiler efficiency. 
The remainder of the heating value represents the stack loss, unburned 
fuel, and heat losses to air by conduction and radiation. The boiler 
efficiency is almost universally based on the gross heating value of the 
fuel. This can be realized only if the water vapor in the flue gases is 
condensed, as it is in an efficient calorimeter used for determining the 
heating values. Definitions of heating values are given in Chapter H. 
Blake and Purdy 1 state that sustained efficiencies of 85 to 88 per cent 
(for a combined boiler unit comprising boilers, economizers, and air 
preheaters) are common in larger central-station units but that sus¬ 
tained efficiencies of 80 per cent are excellent for industrial boiler 
plants. 

Values for efficiency range from 15 to 25% for small domestic boilers used 
for hot water supply; from 30 to 50% for coal boilers such as would be used 
for hot water supply for large buildings, apartment houses, hotels, etc.; 30 to 
60% for domestic and small industrial heating boilers; 40 to 70% for small 
power boilers, not over 50 H.P.; from 50 to 70% for moderate size boilers, up to 
several hundred horsepower; and from 70 to 85% for large power boilers 
operating under high-load factor and moderate overloads. 2 

Natural gas or oil probably gives better efficiencies in average 
boiler-plant installations. However, the theoretical superiority of 
high-rank coal is actually realized in the most efficient units. The 
lower rank coals give poorer efficiencies than either bituminous coal or 
gas. 

b. Fuel Requirements.—The over-all heat requirements of a boiler 
unit (including economizer, if used) may be readily computed from the 
thermodynamic properties of steam and water. Direct calculation 
gives the amount of heat received by the water, and this divided by the 
boiler efficiency is the total supplied by fuel. This is illustrated by 
Example 1-1. 

Example 1-1. Find the net heat to be supplied for generating 150,000 lb/hr 
of steam generated at 285 psig (300 psia) and superheated to 800°F. Make a 
preliminary estimate of the coal to be burned. The available coal has a heat¬ 
ing value of 13,600 Btu/lb. 100,000 lb/hr of condensate return is available; 
the remainder if made up to be treated water. 

1 Perry, ‘ 1 Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Com¬ 
pany, Inc., New York, 1941. 

* From “Combustion,” 3d ed., American Gas Association, New York, 1932. 
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Solution: 

1. Heating 100,000 lb/hr condensate to saturation temperature and pres¬ 
sure (data from Tables E-13 and E-14). 


Heat content of water saturated at 300 psia. 393.8 Btu/lb 

Heat content of water at 170°F. 137.9 

Net heat. 255.9 

or 

For 100,000 lb ^ 5^5 X 255.9. 255.9 therm/hr 


2. Heating 50,000 lb/hr treated water to saturation temperature, 


Heat content of water saturated at 300 psia. 393 8 Btu/lb 

Heat content of water at 70°F. 38.0 

Net heat. 355.8 

or 

50 000 

For 50,000 lb, Jqqqqq X 355.8. 177.9 therm/hr 


3. Generation of 150,000 lb of steam from saturated water, 


Heat content of steam at 300 psia and 800°F... 1420.6 Btu/lb (Table E-15) 


Heat content of saturated water. 393.8 

Net heat. 1026.8 

or 

For 150,000 lb, X 1026.8. 1540.2 therm/hr 


4. Total heat required, 


Sum of above. 1974.0 therm/hr 

5. Boiler horsepower = q 33475 

= 6000 (assuming no economizer employed) 

6 . Total heating value of fuel required 


1974 

= 2820 therm/hr or 67,700 therm/day 

(for an assumed boiler efficiency of 70%) 

7. Estimated coal consumption, 

67,700 X 100,000 

13,600 “ 492,000 lb /day 


or 246 tons/day. 

8 . For a 350-day operating year this amounts to 


246 X 350 = 86,100 tons/yr 
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c. Boiler Rating. —Boilers are usually rated in boiler horsepower. 
One boiler horsepower is 33,475 Btu/hr. Early practice was to con¬ 
sider 10 sq ft of heat-transfer surface equivalent to a boiler horsepower. 
In recent years higher boiling rates are common, and operation at 200 
or 300 per cent is usual. When operated at the highest rates, the 
boiler efficiency may be impaired slightly and the life of the boiler 
tubes shortened. Nevertheless Blake and Purdy 1 suggest 250 per 
cent as fair industrial practice. The A.S.M.E. Power Test Codes 
suggest a direct maximum rating as thousands of Btu per hour. 

d. Boiler Feed Water. —The proper treatment of the boiler water 
is very important for both boiler performance and life. Calcium and 
magnesium sulphates and acid carbonates deposit boiler scale, which 
impairs efficiency and endangers tubes by possibility of overheating. 
Even though these constituents are removed by precipitation (by lime, 
other reagents, or zeolites), the water may still be hazardous because of 
the so-called “caustic embrittlement.” This embrittlement is favored 
by sodium hydroxide, carbonates, and silicates but retarded by sodium 
sulphate and certain organic materials, such as quebracho. 2 In short, 
a careful analysis of the available water supply should be made and 
submitted to a qualified expert for recommendations regarding proper 
treatment. This is particularly true for boilers in the higher pressure 
ranges. 

e. Dowtherm Boilers. —The use of Dowtherm (several types are 
supplied by the Dow Chemical Co.) as a medium of heat transfer has 
become common practice. The boilers are similar in design to steam 
boilers. (A small amount of fixed gas is liberated on use of Dowtherm 
so that a vent must be provided in the return lines.) Data on these 
boilers are readily obtainable from licensed manufacturers. 

f. Boiler Auxiliaries.—The use of air preheaters in industrial plants 
is not very common unless powdered coal is employed as a fuel. To 
some extent air preheaters, stokers, and oil and gas burners are dis¬ 
cussed under Combustion in Chapter H. Pumps and blowers are 
treated in Chapters J and K, respectively. 

The recovery of heat from waste gas from steel mills, glass works, 
or exhaust from diesel or gas engines may be accomplished by waste- 
heat boilers, provided the gas is available at a sufficiently high tempera¬ 
ture, say 1000°F or over. The exit temperature is usually reduced to 
300 or 500°F. Forced draft is nearly always required to secure suffici- 

1 Perry, op. cit. 

* Schroeder, Berk, and O'Brien, various papers in the Trans, Am, Soc , Mech, 
Engrs. from 19<H on, 
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ently good heat-transfer rates. Table 1-1 gives data on waste-heat 
boilers operating on exhaust from diesel engines. 

Economizers for preheating the water by the flue gas are usually 
included in very large central-station units but very frequently omitted 
in small industrial units to obviate the need for induced draft. The 
equipment manufacturer should be consulted. 


Table 1-1.—Waste-heat Boiler Performance on Diesel Engine Exhaust 
(Perry, Chemical Engineers’ Handbook, 2d ed., McGraw-Hill Book Company, 
Inc., New York, 1941) 


Lb of steam per hr, full load; pressure 5 psi 

Sq ft of heating surface 

Hp 

4-cycle 

2-cycle 

4-cycle 

2-cycle 

75 

77 

63 

72 

72 

100 

92 

78 

72 

72 

200 

154 

165 

72 

144 

300 

212 

229 

72 

144 

400 

327 

300 

144 

192 

500 

392 

370 

144 

240 

600 

483 

450 

192 

288 

700 

550 

525 

192 

336 

800 

638 

600 

240 

384 

900 

700 

675 

240 

432 

1000 

780 

750 

288 

480 


2. Steam Engines and Turbines. 

a. Types of Steam Engines and Turbines.—Steam engines are 
classified by the number of cylinders, the valve mechanism, speed, and 
exhaust pressure. The simple steam engine expands steam in one 
stage by a single piston. Most engines are of this type. Larger 
engines are usually compounded, particularly if condensing. A com¬ 
pound engine expands steam in two or more stages, the exhaust from 
the first-stage cylinder drives the second-stage cylinder. Tandem 
compound cylinders are in line, with a common piston rod; cross com¬ 
pound cylinders are side by side driving separate piston rods. The 
principal types of valve mechanisms are slide, Corliss, nonreleasing 
Corliss, and Unaflow. A condensing engine exhausts at low pressures, 
the vacuum being secured by condensing the steam and by removal of 
small amounts of fixed gases in the steam by steam ejectors or vacuum 
pumps. Condensing engines are rather uncommon. Noncondensing 
engines exhaust at atmospheric pressure or above so that the exhaust 
may be used to supply low-pressure process-steam requirements. 

Like steam engines, turbines are classified as condensing or noncon¬ 
densing. In addition there is the bleeder turbine which exhausts a 
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portion of the steam between stages to obtain exhaust steam and 
various pressures. Turbines are classified further according to the 
number and type of stages. An impulse stage operates primarily from 
the force of steam velocity from the steam jets. Reaction stages 
operate principally from the direct pressure force of the expanding 
steam. 

The steam turbine has almost completely replaced the steam engine 
in large power plants, and even small electric generators are usually 
turbine-driven. For small units the steam engine is frequently attrac¬ 
tive. Steam engines have a greater flexibility in regard to speed as 
certain “critical” velocities of turbines may have to be avoided. 
Bleeder turbines, on the other hand, afford the maximum flexibility as 
to exhaust because variable quantities of exhaust steam may be with¬ 
drawn at different pressures. For driving individual units, the choice 
of drive is usually determined by mechanical considerations such as 
the speed required and the type of motion. Turbines are ideal for 
driving generators, centrifugal compressors, etc. Reciprocating 
pumps and compressors are usually engine-driven. 

The lubricating oil from a turbine or steam engine contaminates 
the exhaust. This oil (unless completely removed) tends to foul heat- 
transfer surfaces. This contamination is much less serious in the case 
of turbines and is sometimes a factor favoring their selection. 

b. Efficiency and Steam Consumption.—The steam consumption 
depends not only on the inlet and exhaust conditions of the steam but 
also on the mechanical factors determining the relative efficiency. To 
simplify tabulations, a standard basis for comparing performance is 
desirable. The ideal steam engine (Rankine cycle) affords such a 
basis. This ideal engine has never been achieved but is rigorously 
defined by thermodynamic considerations of the maximum theoretical 
power developed by expansion of steam. The number of pounds of 
steam required to develop 1 hp-hr is called the “ideal” steam rate. 
Numerical values are given in Table 1-2 and Fig. 1-1. Steam rates of 
an actual engine may be obtained by dividing this ideal rate by its 
efficiency. This is essentially the definition of steam engine (or tur¬ 
bine) efficiency. Stated in other terms, the Rankine efficiency of an 
engine is the ratio of developed power to the power that would have 
been developed by the ideal engine operating under identical 
conditions. 

Table 1-3 gives representative data on efficiencies of steam turbines, 
and Fig. 1-2 gives representative efficiencies of simple (single-stage) 
steam engines. The practical efficiencies of steam turbines are usually 
dictated by cost considerations. The several types of steam engines 
vary appreciably in efficiency, particularly with the compounding. 
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Table 1-2. —Theoretical Steam Rates, Condensing for Engines and 

Turbines* 

(Reprinted from “Cameron Hydraulic Data,” 11th ed., 1942, by permission of 

Ingersoll-Rand Co.) 

Lb per hp-hr 

Exhaust pressure, in. Hg abs 


Initial 
temp., °F 

1 3.0 

2.5 

2.0 

1.5 

1.0 

150 lb gauge 

365.8°F saturated steam 

365.8 

8.35 

1 

8.13 

1 

7.85 

7.53 

7.14 

400 

8.17 

7.95 

7.67 

7.36 

6.90 

450 

7.92 

7.70 

7.44 

7.15 

6.78 

500 

7.67 

7.45 

7.22 

6.93 

6.68 

550 

7.42 

7.22 

6.98 

6.72 

6.38 

600 

7.18 

6.98 

6.76 

6.51 

6.18 

650 

6.95 

6.76 

6.55 

6.31 

6.00 

700 

6.72 

6.53 

6.34 

6.11 

5.82 




175 lb gauge 





377.4°F saturated steam 


377.4 

8.11 

7.89 

7.64 

7.34 

6.97 

400 

8.00 

7.78 

7.52 

7.23 

6.87 

450 

7.74 

7.53 

7.29 

7.01 

6.66 

500 

7.50 

7.30 

7.07 

6.80 

6.46 

550 

7.25 

7.07 

6.84 

6.59 

6.27 

600 

7.02 

6.84 

6.63 

6.39 

6.08 

650 

6.79 

6.62 

6.43 

6.19 

5.90 

700 

6.58 

6.41 

6.23 

6.00 

5.72 




200 lb gauge 





387.8°F saturated steam 


387.8 

7.92 

7.71 

7.46 

7.19 

6.84 

450 

7.61 

7.41 

7.17 

6.90 

6.57 

500 

7.35 

7.16 

6.95 

6.68 

6.37 

550 

7.12 

6.94 

6.73 

6.48 

6.18 

600 

6.90 

6.72 

6.52 

6.29 

5.99 

650 

6.67 

6.51 

6.32 

6.10 

5.81 

700 

6.46 

6.30 

6.12 

5.91 

5.64 

750 

6.25 

6.10 

5.93 

5.73 

5.47 




250 lb gauge 





406°F saturated steam 


406.0 

7.62 

7.43 

7.20 

6.95 

6.62 

450 

7.39 

7.20 

6.99 

6.74 

6.43 

500 

7.15 

6.97 

6.76 

6.52 

6.22 

550 

6.92 

6.75 

6.55 

6.32 

6.04 

600 

6.69 

6.53 

6.35 

6.13 

5.85 

650 

6.49 

6.33 

6.15 

5.94 

5.68 

700 

6.28 

6.13 

5.96 

5.76 

5.51 

750 

6.08 

5.94 

5.77 

5.58 

5.34 


* Calculated from Keenaq and Keyes, “Theoretical gteam Rate Tables/’ An*. Soc. M«ch. En§rs„ 
New Tori, l««. 
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Table 1-2.—Theoretical Steam Rates, Condensing for Engines and 
Turbines (i Continued ) 

Lb per hp-hr 


Initial 
temp., °F 

Exhaust pressure, in. Hg abs 

3.0 

| 2.5 

| 20 

! 15 

1 10 

300 lb gauge 

421.7°F saturated steam 

421.7 

7.39 

7.21 

7.01 

6.76 

6.47 

450 

7.23 

7.06 

6.86 

6.62 

6.33 

500 

6.99 

6.83 

6.63 

6.40 

6.12 

550 

6.76 

6.61 

6.42 

6.20 

5.93 

600 

6.55 

6.40 

6.21 

6.01 

5.75 

650 

6.33 

6.20 

6.02 

5.82 

5.58 

700 

6.14 

5.99 

5.84 

5.65 

5.41 

750 

5.94 

5.81 

5.66 

5.48 

5.25 

800 

5.76 

5.63 

5.49 

5.31 

5.09 

850 

5.57 , 

5.45 

5.32 

5.15 

4.94 




400 lb gauge 





448 1°F saturated steam 


448.1 

7.07 

6.91 

6.72 

6.50 

6.23 

500 

; 6.78 

6.63 

6.46 

6.25 

5.98 

550 

6.63 

6.40 

6.23 

6.04 

5.79 

600 

6.34 

6.19 

6.03 

5.84 

5.60 

650 

6.13 

5.99 

5.84 

5.66 

5.43 

700 

5.94 

5.81 

5.67 

5.49 

5.26 

750 

5.75 

5.63 

5.49 

5.32 

5.11 

800 

5.57 

5.45 

5.32 

5.16 

4.96 

850 

5.40 

5.28 

5.16 

5.01 

4.82 




600 lb gauge 





488.8°F saturated steam 


600 

6.10 

5.98 

5.83 

5.66 

5.45 

650 

5.90 

5.78 

5.64 

5.47 

5.27 

700 

5.70 

5.59 

5.46 

5.30 

5.10 

750 

5.52 

5.41 

5.29 

5.14 

4.94 

800 

5.35 

5.24 

5.12 

4.98 

4.80 

850 

5.18 

5.08 

4.97 

4.83 

4.65 

900 

5.02 

4.93 

4.82 

4.69 

4.52 

950 

4.86 

4.78 

4.67 

4.55 

4.39 

1000 

4.71 

4.63 

4.53 

4.42 

4.27 




800 lb gauge 





520.3°F saturated steam 


650 

5.78 

5.67 

5.54 

5.38 

5.19 

700 

5.58 

5.47 

5.35 

5.20 

5.01 

750 

5.39 

5.28 

5.17 

5.03 

4.85 

800 

5.21 

5.12 

5.01 

4.87 

4.70 

850 

5.05 

4.96 

4.85 

4.73 

4.57 

900 

4.89 

4.80 

4.70 

4.58 

4.43 

950 

4.74 

4.66 

| 4.57 

4.45 

4.30 

1000 

4.60 

4.53 

4.43 

4.32 

4.18 
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Steam Pressure, 



Note: Valid range of chart 

Max. temperature 
Deg.F. 

000 
800 
850 
850 
900 
900 



Pressure 
Lb. /Sq. la, Gage 
150 
200 
250 
300 
400 
600 


r-45 


(—40 


h35 



-25 E 
o 

- 48 
*0 

-20 u 


o 

<b 



-10 

-5 


Fig. 1-1. —Theoretical steam rates for steam engines and turbines, operating non¬ 
condensing. 


Table 1-3.— Approximate Efficiencies of Impulse Steam Turbines at Full 

Load 

(Based on data from Perry, “Chemical Engineers’ Handbook,” 2d ed., 1941, and 
Marks, “Mechanical Engineers’ Handbook,” 4th ed., 1941, McGraw-Hill 
Book Company, Inc., New York) 


Horsepower 

Efficiency 

Noncondensing 

Condensing 

150 

0.47 


300 

0.48 


450 

0.61 


600 

0.63 


700 

0.64 1 

0.68 

1,000 

0.65 

0.70 

1,500 

0.67 

0.70 

2,000 

0.67 

0.70 

2,800 

0.68 

0.70 
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Note: Temperatures given are degrees Fahrenheit above saturation temperature. 
Fig. 1-2.—Approximate efficiencies, unaflow steam engines. ( Adapted from Perry, 
“ Chemical Engineers' Handbook2d ed., McGraw-Hill Book Company, Inc., New York, 
1941.) 

c. Theory of the Ideal Steam Engine.—In the precise language of 
thermodynamics, the ideal engine expands steam by an adiabatic 
reversible process. Consequently, 

S% — Si 
W = ! - H 2 

where Si — entropy of steam, Btu/(lb) (°F) 

& 2 = entropy of exhaust, Btu/(lb) (°F) 

Hi, H 2 = heat content of steam, Btu/lb, at inlet, exhaust 
w = work produced. Btu/lb 
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In other words, the entropy of the exhaust is precisely the same as that 
of the inlet steam, and the power developed is the mechanical equiva¬ 
lent of the heat abstracted from the steam. With this principle the 
theoretical steam rates for the ideal engine may be computed from the 
thermodynamic properties of steam. To compute the performance of 
a steam engine by use of a thermodynamic chart proceed as follows: 

1. Find the point represented by the initial temperature and pres¬ 
sure of steam; read the heat content of steam, and record as hi. 

2. From this point follow the line of constant entropy until it 
crosses the pressure line corresponding to the exhaust pressure. Read 
the heat content and record as h 2 . 

3. The work produced is h 2 — hi. This is in Btu per pound. The 
theoretical steam rate in pounds per horsepower-hour is 2544/(^2 — hi). 
The computation of the performance of an ideal steam engine from 
steam tables is illustrated by Example 1-2. 

Example 1-2. Find the theoretical steam rate of an engine supplied with 
steam at 385 psig (400 psia) superheated to 600°F to be exhausted at 15.3 psig 
(30 psia). Finally compute the actual steam rate for an engine rated at 75 per 
cent efficiency. 

Solution: 

1. Properties of inlet steam (400 psia, 600°F), 

Heat content, Hi = 1306.9 Btu/lb (Table E-15) 

Entropy, Si = 1.5894 Btu/(lb)(°F) 

2 . Properties of steam saturated at 30 psia, 

Heat content, H = 1164.1 Btu/lb (Table E-14) 

Entropy, S = 1.6993 Btu/(lb)(°F) 

3. Properties of water saturated at 30 psia, 

Heat content, h = 218.8 Btu/lb 

Entropy, s = 0.3680 Btu/(lb)(°F) 

4. Quality of exhaust steam, 

Let x = weight fraction of condensate in exhaust 
1 — x = weight fraction of live steam in exhaust (quality) 

Entropy of exhaust steam = S 2 = S x = 1.5894 Btu/(lb)(°F) 


or 


Si = S\ = xs-j - (1 — x)S 
s - Sx = (S - s)x 
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and 

„ _S - Si 1.6993 - 1.5894 0.1099 

* S - s ~ 1.6993 - 0.3680 ~ 1.3313 
= 0.0824 
1 - x = 0.9176 

5. Heat content of exhaust steam, 

= (1 - x)H + xh 
= H — xH + xh 

= 1164.1 - 0.0824 X 1164.1 + 0.0824 X 218.8 
= 1164.1 - 96.0 + 17.9 = 1086.0 

6 . Work produced per pound of steam, 

Hi - H 2 = 1306.9 - 1086.0 = 220.9 Btu/lb 

7. Theoretical steam rate, 


22 q q = 11.5 lb steam/hp-hr developed 

8 . Actual steam rate, 


= 15.4 lb steam/hp-hr 

d. Throttling Control. —The speed of a turbine or steam engine may 
be controlled by throttling the inlet steam to a lower pressure or by 
throttling the exhaust to a higher pressure. (In the case of the turbine 
the speed may also be controlled by the number of nozzles opened.) 
Whether this control is effected by a direct speed control or by the 
output of the driven equipment, the steam rate will be determined by 
the conditions prevailing at the engine inlet and exhaust rather than 
by the pressure in the supply and exhaust mains. 

The relative effect of throttling the steam to a steam engine is 
illustrated by Example 1-3. 

Example 1-3. A steam engine is supplied by a main carrying 200 psig 
saturated steam and exhausts to 15 psig. Find the steam rates per horse¬ 
power: (1) at line pressure and (2) if steam is throttled to 150 psig. 

Solution: 

1. Steam at line pressure, 

Theoretical = 16.9 lb/hp (Fig. 1-1) 

Efficiency = 0.73 (Fig. 1-2) 

16 9 

Actual rate = = 23.2 lb/hp-hr 
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2. Properties of steam after throttling, 

No work is performed and heat loss is negligible, hence, heat content of steam 
at reduced pressure will be unchanged. At 215 psia saturated steam has a 
heat content of 1199 Btu/lb (Table E-14), and a temperature of 388°F (by 
interpolation of Table E-15). Saturation temperature is 366°F. 

3. Steam rate at throttled condition, 

Theoretical = 19.5 lb/hp-hr 
Efficiency = 0.75 
19.5 

Actual rate = = 26.0 lb/hp-hr 

e. Quality of Exhaust Steam.—The quality of steam exhausting 
from a steam engine or turbine may be computed readily from the 
properties of the steam, the power developed, and the heat lost. This 
is illustrated by Example 1-4. 

Example 1-4. Compute the quality of steam exhaust from the engine 
considered in Example 1-2, assuming a heat loss of 12 Btu/hp-hr. 

Solution : 

1. Heat content of inlet steam = 1306.9 Btu/lb 

2. Work produced for 1 lb steam, 

1 2544 

hp-hr, or jg-j- = 165.1 Btu/lb (result, Example 1-2) 

12 

3. Heat loss = -jg-j = 0.8 Btu/lb 

4. Heat content of exhaust steam, 

1306.9 - 165.1 - 0.8 = 1141.0 Btu/lb 

5. Heat content steam, water at exhaust pressure of 30 psia, 

Steam = 1164.1 Btu/lb 
Water = 218.8 Btu/lb 

6 . Quality, 

Let x = weight fraction condensate in exhaust 
1 — x — weight fraction live steam in exhaust (quality) 

1141.0 
-23.1 

x 

Quality 


= 1164.1(1 - x) + 218.8z 
= -945.3s 

- IS - 0 024 

= 1 - s = 0.976 


3. Steam Balance 

Steam is most efficiently used when all of the exhaust from turbines 
and engines is just sufficient to supply normal requirements for process 
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steam. Once preliminary estimates of the power and steam require¬ 
ments are available, a tentative steam balance is usually a valuable 
guide for rounding out process design to provide for a more efficient 
use of steam. Example 1-5 illustrates such a preliminary steam 
balance. 


Example 1-5. Preliminary estimates on a new process place the average 
steam demand at 150,000 lb/hr and the average power requirement of steam 
and electric driven units at 8,000 hp. Assuming that the process steam is 
supplied at 35 psig, determine whether a steam balance is possible and make a 
tentative choice of boiler pressure and superheat. 

Solution: 

1. Assumed average quality of exhaust = 97% live steam 

2. Total steam to be generated, 


150,000 

0.97 


= 155,000 lb/hr 


3. Over-all steam rate of turbines and engines, 


155,000 

8,000 


19.4 lb/hp-hr 


4. Assumed over-all efficiency of power generation = 65% 

5. Corresponding steam rate of ideal engine, 

19.4 X 0.65 = 12.6 lb/hp-hr 



Steam pressures and temperatures which will give this rate (from Fig. 


Pressure, Psig 
600 
400 
300 


Steam Temp., °F 
Saturated 
660 
780 


Conclusion: 400 psig steam at 660°F appears most suitable for pre¬ 
liminary estimates. 


4. Internal-combustion Engines 

a. Gas Engines.—The approximate fuel consumption of gas engines 
is given in Table 1-4. This table is for larger engines with pistons 10 
in. in diameter or over. Smaller engines will require 5 to 15 per cent 
more fuel per horsepower. The engine jackets remove about 3500 to 
4000 Btu/hp-hr. The jacket water should preferably be rather warm 
and should be fairly soft. Lubrication requirements depend on a 
variety of factors. About 1 gal for every 2,000 hp-hr should be ample 
allowance. 1 

1 “Gas Engineers' Handbook," McGraw-Hill Book Company, Inc., New York, 
1934. 
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Table 1-4.— Fuel Consumption by Gas Engines 
(Graf, “Gas Engineers’ Handbook,” McGraw-Hill Book Company, Inc., New 

York, 1934) 


Load 

Fuel consumption, Btu/bhp-hr 

4-cycle engines 

2 -cycle engines 

X 

11,000 

15,000 

% 

10,000 

13,000 

H 

11,000 

16,000 

y. 

12,500 

17,000 

H 

17,000 

23,000 


b. Diesel Engines.—Data on performance of diesel engines are 
given in Table 1-5. The jacket cooling water removes 2000 to 3500 
Btu/hp-hr. Discharge temperatures above 180°F are not recom¬ 
mended. The lubricating oil requirement is about the same as for gas 
engines. 1 


Table 1-5.— Manufacturers’ Fuel Guarantees 
(Perry, “Chemical Engineers' Handbook,” 2d ed., McGraw-Hill Book Company, 
Inc., New York, 1941) 


Make 

Type* 

Cycle 

Size 

Fuel consumption, 
lb/hp-hr 

Full 

load 

% 

load 

X 

load 

National Supply Co. 

v,s 

4 

70-420 

0.40 

0.41 

0.44 

De La Vergne. 

V, A 

4 

100-300 

0.42 

0.435 

0.52 

Fulton. 

V, M, A 

4 

50-100 

0.50 



Bush-Sulzer. 

V,A 

2 

500 

0.425 

0.44 

0.52 

Bush-Sulzer. 

V,S 

2 

1,800-2,400 

0.39 

0.40 

0.43 

American Locomotive... 

v,s 

2 

1,800 

0.40 

0.41 

0.44 

Nordberg. 

v,s 

2 

1,800-2,250 

0.39 

0.41 

0.43 

Hamilton M.A.N. 

v,s 

2 

2,250 

0.39 

0.40 

0.43 


* A = air injection; S = solid injection; V = vertical; M = marine. 


c. Gasoline and Kerosene Engines.—Manufacturers’ data quoted 
by Marks 2 range from 0.46 to 0.72 lb of fuel per horsepower-hour. In 
the absence of specific data, 0.6 and 0.7 lb of fuel per horsepower-hour 
may be assumed for gasoline and kerosene, respectively. 

1 Statements in this paragraph are based on data given by Perry, op. cit. 

* Marks, “Mechanical Engineers’ Handbook,” 4th ed., McGraw-Hill Book 
Company, Inc., New York, 1941. 
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d. Waste-heat Recovery. —About one-third of the heat of com¬ 
bustion of fuel leaves engines with the exhaust. It is sometimes 
possible to utilize this heat. Table 1-1 given earlier in the chapter 
gives data on waste-heat boilers operating on diesel exhaust. 

5. Electrical Power 

a. Generators. —The mechanical power required to drive an electric 
generator is 

TT _ _kw_ 

^ 0.746 X efficiency 

Representative efficiencies are given in Table 1-6. This table is based 
on three-phase alternating current. The efficiency of single-phase and 

Table 1-6.— Performance Data for Alternators, Horizontal-coupled, or 
Belted-type Engine-driven Generators 
(Westinghouse Electric Corporation) 

80% power factor, three-phase, 60-cycle, 240 to 2,400 volts 


Kva 

Poles 

Speed, 

rpm 

Kw 

excitation 

Efficiency, (%) 

Approx, 
net wt, 
lb 

load 

% load 

% load 

25 

4 

1,800 


81.5 

85.7 

87 6 

900 

93.8 

8 

900 


87.0 

89.5 

90.9 

2,700 


12 

600 


90.0 

91.3 

92.2 

6,000 


18 

400 


91.7 

92.6 

93.2 

10,000 


24 

300 

14.5 

92.6 

93.4 

93.9 

18,600 

3,125 

48 

150 


93.4 

94.2 

94.6 

52,000 


Turbo-driven direct-connected type 


Kva 

Poles 

Speed, 

rpm 

Kw 

excitation 
at 125 volts 

Efficiency %, at 80 per cent 
power factor 

Cu ft 
air per 
min 

Y 2 load 

load 

load 

625 

2 


12 

92.4 

94.0 

94.6 

2,200 

1,250 

2 


15 

92.9 

94.5 

95.2 

3,500 

2,500 

2 


19 

94.4 

95.7 

96.3 

5,000 

4,375 

2 

n |j| 

26 

95.1 

96.2 

96.8 

10,500 

9,375 

2 

H 

45 

95.1 

96.2 

96.8 

17,000 

12,500 

2 

1 

60* 

95.1 

96.2 

96.8 

23,500 

M 

2 


100* 

95.2 

96.4 

97.0 

25,000 

37,500 

2 

! 3,600 

120* 

95.7 

96.8 

97.4 

55,000 


* Excitation for these ratings is usually at 250 volts. 
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d-c generators is not greatly’ different. Complete data are readily 
obtainable from the manufacturers. 

b. Motors. —The electrical power consumption of a motor is 

= 0.746 X hp 
W efficiency 

Average efficiencies are given in Table 1-7. Efficiencies of most other 
types of motors are not greatly different. Variable-speed alternating 
motors, however, have relatively poor efficiencies, and their use should 
be avoided if other types of drive are available. 


Table 1-7.—Average Efficiencies for Voltages up to 550 in Three-phase 

Motors 


Rating, hp 

Induction motors 

Unity power factor, 
synchronous motors 

Full load 

% load 

load 

Full load 

2'4 load 

Pi load 

1-2 

81 

79 

76 




3-5 

85 

84 

82 




10-25 

87.5 

87 

85 




25-50 

89 

88.5 

86.5 

90 

88.5 

85 

75-100 

91 

90 

88 

92 

91 

88 

150-200 

92 

91.5 

89.5 

93 

92 

89.5 

Above 200 

93.5 

93 

91 

94.5 

93.5 

92 


The above are averages for 1,200- and 1,800-rpm motors. 

Low-speed motors: Efficiencies will be from 1 to 2 per cent lower; 2,200-volt 
motors, 100 hp and above, have approximately the same efficiency as low-voltage 
motors. On smaller sizes the 2,200-volt motors have efficiencies 1 to 2 per cent 
lower. 

Slip-ring motors in the smaller sizes will have full-load efficiencies of 1 to 3 per 
cent lower. 
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c. Carrying Capacity of Copper Wire.—Loads are given in Table 

1 - 8 . 


Table 1-8.— Allowable Carrying Capacities of Copper Wire and Cable 
(Standards of the National Board of Fire Underwriters) 


No. 

A.W.G. 

Cir 

mils 

Amp 

Cir 

mils 

Amp 

Rubber 

insulation 

Varnished 

cambric 

insulation 

Rubber 

insulation 

Varnished 

cambric 

insulation 

18 

1,624 

3 

4 

250,000 

250 

300 

16 

2,583 

6 

8 

300,000 

275 

330 

14 

4,107 

15 

18 

350,000 

300 

360 

12 

6,530 

20 

25 

400,000 

325 

390 

10 

10,380 

25 

30 

450,000 

362 

435 

8 

16,510 

35 

40 

500,000 

400 

480 

6 

26,250 

50 

60 

600,000 

450 

540 

4 

41,740 

70 

85 

700,000 

500 

600 

2 

66,370 

90 

110 

800,000 

550 

660 

1 

83,690 

100 

120 

1,000,000 

650 

780 

0 

105,500 

125 

150 

1,250,000 

750 

900 

00 

133,100 

150 

180 

1,500,000 

850 

1,020 

000 

167,800 

175 

210 

1,750,000 

950 

1,140 

0000 

211,600 

225 

270 

2,000,000 

1,050 

1,260 


d. General Electrical Data. 
Ohm’s law: 



where I — current, amp 
E = applied voltage 
R = resistance, ohms 

Applies to d-c circuits of any type and to a-c flow in noninductive 
circuits (such as heaters) 

Power in direct and single-phase circuits: 

P = fEI 

where P = power, watts 

/ = power factor of circuit 

= 1, for d-c and for any noninductive circuits or for synchro¬ 
nous motors 
E = applied voltage 
I = current, amp 
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Power in balanced 3-wire, 3-phase circuits: 

p = fEI 
= a/3 JE l I l 
= 3fE p I p 

where p = power, watts 
/ = power factor 
E — circuit voltage 
I = circuit current, amp 
E l = line voltage between any two wires 
I L = current in any one wire, amp 
E p = phase voltage 

= E l for delta systems 

= for Y systems 

V 3 

I p = phase current, amp 

= A 

V3 

= I L for Y systems 
Heat developed by resistance loads : 


for delta systems 


Q = 3A13EI = ZAISPR = SA13E 2 R 


where Q = heat developed, Btu/hr 
E = voltage 
7 = current, amp 
R = resistance, ohms 
Power consumed by electrolytic cells: 

_ 12.16 nE 
Be 


where P = power, kwhr/lb mole cell reaction 

n = unit charge for 1 lb mole cell reaction, i.e. 9 number of 
equivalents per mole 
E = applied voltage 

= thermodynamic electromotive force divided by voltage 
efficiency 

B e = current efficiency 



CHAPTER J 

PUMPS 


Handling of liquids is a routine matter for the chemical engineer. 
This chapter gives performance data on several types of pumps and 
roughly outlines their fields of usefulness. The principal source of 
pump data for specific uses is the manufacturers who are very generous 
in supplying bulletins. Below are listed several texts on pumping 
liquids. 

Kristal and Annett, “Pumps,” McGraw-Hill Book Company, Inc., New York, 
1940. 

Nickel, “Direct-acting Steam Pumps,” McGraw-Hill Book Company, Inc., New 
York, 1915. (Out of print.) 

“Material Handling Cyclopedia,” Simmons-Boardman Co., New York, 1921. 
“Pump Handbook,” Worthington Pump and Machinery Corp., Harrison, N. J. 
Church, “Centrifugal Pumps and Blowers,” John Wiley & Sons, Inc., New York, 
1944. 

1. General Data 

a. Power Required for Pumping.—The work required to lift a 
liquid follows directly from the basic definition of work: force X dis¬ 
tance. The force is the mass of liquid and the distance is the height 
raised, i.e., the liquid head. 

Work (ft-lb) = weight (lb) X head (ft) 

This is the useful work done; a greater amount must be supplied 
because of inevitable inefficiency. The over-all efficiency of a pump 
is defined as the ratio of work done to work supplied or, in terms of 
power, the ratio of water horsepower (theoretical power) to the brake 
horsepower applied to the pump drive. Introducing the efficiency and 
expressing work as power units (work per unit of time), the working 
equations given below may readily be obtained: 

— lb/min X ft head 
P ~ 33,000 X efficiency 

_ gpm X psi differential pressure 
1,713 X efficiency 
_ Gpm X ft head X sp gr 
~ 3,957 X efficiency 
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Pumping efficiencies depend on the type of pump as well as on 
operating conditions; consequently, efficiencies are given under the 
type of pump. In computing the power required for pumping, the 
head and capacity must be those at the pump. The head must include 
pressure losses in lines and equipment, height through which the liquid 
is raised, pressure loss on control throttling in addition to the difference 
in pressures between the receiving vessel and the pump suction. 
Strictly speaking, the velocity head should also be included, but fortu¬ 
nately it may be neglected in all but a few cases, such as pumps operat¬ 
ing at very low heads. The liquid pumped must include any by-passed 
to suction for control purposes. Treatment of these factors is illus¬ 
trated by Example J-l. 


Example J-l. 100 gpm of alcohol is to be supplied to a solvent recovery 
tower operated at 100 psig. As the process requires very close control, a 
dual control is employed, the pump discharge is maintained at constant 
pressure by a back-pressure controller by-passing liquid to the suction, and 
the flow into the system is finally controlled by a flow controller. The alcohol 
comes from a storage tank 1 ft above grade at atmospheric pressure. The 
liquid enters the tower at 49 ft above grade. The line has been sized for a 
total pressure drop from tank to tower of 10 psi. Estimate the power required 
using a turbine pump. 

Solution: 

1. Head in pounds per square inch, differential, 
net pressure head supplied, 


Tower pressure — tank pressure. 

Liquid head = 49 — 1 = 48 ft alcohol, 

Specific gravity (60/60) w , , 0.79 w 

--^31- X head “ 2.31 X 48 

Line drop. 

Drop through control valve. 

Total. 


or, in feet of alcohol 


131 X 2.31 
0.79 


383 


100 psi 


16 

10 

5 

131 psi 


2. Capacity, 


Delivered to tower. 100 gpm 

Assume 10 per cent this amount throttled back to suction. 10 

Total. 110 gpm 
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3. Pump efficiency, 

From Fig. J-18, 40%, (slightly above typical is justified because flow is in 
upper portion of the range) 

4. Horsepower required, 

Gpm X psi 110 X 131 

1,713 X efficiency “ 1,730 X 0.40 ” 21 hp 

b. Suction Lifts.—A liquid cannot exist at pressure below its vapor 
pressure. Even if a liquid has no appreciable vapor pressure, it is 
unstable under tension. Consequently, the theoretical minimum abso¬ 
lute pressure at pump suction is the vapor pressure of the liquid. The 



Fig. J-l.—Suction lifts for different types of pumps handling water. ( Krista! and 
Annett, “Pumps” McGraw-Hill Book Company, Inc., New York, 1940.) 

maximum suction lift is then the barometric pressure less the vapor 
pressure when both of these pressures are expressed as height of liquid. 
This may be done by the relation: 

t • -ii. in- 2.31 X psi 
lqui ea , specific gravity (60/60) 

The suction lifts practical for actual pumps are considerably below 
the theoretical value, and it is by far the best practice to operate pumps 
with a slight positive pressure (flooded suction), whenever possible. 
However, pumps properly primed will lift liquids to some extent. 

Figure J-l gives data on lifts practical for pumping water and Fig. 
J-2 for other liquids. These figures are based on a barometric pressure 
of 14.70 psi. At high altitudes barometric pressures are lower (see 
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Fig. C-l), and the lifts must be reduced accordingly. It will be noted 
from both of these figures that positive suction pressures are necessary 
for liquids of high vapor pressure. For boiler-feed pumps returning 



Fio. J-2.—Maximum suction lifts and minimum suction pressures for pumping volatile 

liquids. 


condensate under pressure and at temperature above the atmospheric 
boiling point, the Standards of the Hydraulic Institute recommends a 
pressure at suction of 14 ft of liquid head above the vapor pressure 
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including an allowance for variation of temperature of the condensate. 
This allowance amounts approximately to taking the vapor pressure 
about 10°F above the normal storage temperature. Presumably this 
same rule is applicable to other liquids; however, a greater allowance 
might well be desirable for liquids stored below the surrounding tem¬ 
perature ( e.g ., liquefied natural gases). 

The above discussion is intended to apply to the use of standard pumps. 
Actually , lower suction heads can frequently be used by careful selection 
of pumps in cooperation with the manufacturer. 

c. Types of Pumps. —Although centrifugal and reciprocating 
pumps are the standard mainstays, other types have important appli¬ 
cations. Reciprocating pumps are the oldest type and are extremely 
versatile since they handle almost any liquid and some slurries over 
any range of pressure and capacity. Their positive action favors con¬ 
trol of rate by speed control. The type of motion is inconvenient for 
motor and turbine drives but is very advantageous for engine drives. 
In addition to the standard piston type, diaphragm pumps are avail¬ 
able for handling corrosive and erosive materials. 

Centrifugal pumps of volute and diffusion types are very popular. 
Although they cover a wide range of capacities, the smaller pumps are 
less efficient. Single-stage pumps afford only limited heads, but high 
pressures are easily obtained by multistage units. Rotary motion 
makes these pumps well suited to motor and turbine drives. The 
characteristics permit capacity control by either throttling or speed 
control, the former being a very attractive feature for electric-motor 
drives. Centrifugals are adaptable for pumping thick slurries. 

Centrifugal pumps are classified further according to the shape of 
the impeller, which may be either single or double suction and may be 
designed to give a forward motion as well as outward, as in the Francis 
type, or still more in the axial or mixed flow type which is just one 
stage removed from the propeller pump. The propeller pump is well 
described by its name and is advantageous for high flows at low heads. 
These pumps supplement the “garden variety” of centrifugals, and the 
distinction between them is of secondary importance for purely process 
considerations. 

Figure J-3 gives a rough idea of the relative economic choice 
between reciprocating and centrifugal pumps for boiler-water service. 

Turbine pumps (herein distinguished from diffuser type centrifugals 
sometimes also called “turbine” pumps) are an important supplement 
to reciprocating and centrifugal pumps. Their most useful range is 
up to 150 gpm. They develop fairly high heads by a single stage and 
give efficiencies that compare favorably with low-capacity centrifugals. 
The turbine pump is well suited for high suction lifts. 
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Rotary slide-vane, gear, and screw pumps have many important 
applications, particularly for low flows at high heads or handling liquids 
of high viscosity. 



Capacity, Gallons per Minute 

Fig. J-3.—Suggested economic operating range for reciprocating and centrifugal 
boiler-feed pump. (Kristal and Annett , “Pumps” McGraw-Hill Book Company , Inc., 
New York, 1940.) 


2. Reciprocating Pumps 

a. Capacity. —The capacity of reciprocating pumps is very nearly 
equal to the displacement. This is readily computed from the piston 
diameter, stroke, and pump speed. The calculated displacement 
multiplied by the volumetric efficiency is the capacity of the pump. 
Volumetric efficiencies of pumps are high (except for heavy viscous 
liquids) and may be taken as 97 per cent for most purposes since actual 
values are usually between 94 and 100 per cent. (In very large, 
efficient pumps, the efficiency may even exceed 100 per cent because of 
velocity effects.) Below are given formulas for pump capacity. 

Single acting: 

n _ E V CND 2 S 
^ 295 

Doubling acting: 

„ _ E V CNS(2D 2 - d 2 ) 

* " 295 

where Q = gpm 

E v = volumetric efficiency 
C = number of cylinders 
N = strokes/min 
S = length of stroke, in. 

D — diameter of piston, in. 
d = diameter of piston rod, in. 
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Table J-l gives sizes and capacities of duplex steam pumps. 

Table J-l.—S izes and Capacities of Duplex Steam Pumps 
(Courtesy of Worthington Pump and Machinery Corporation) 

Capacities for continuous service 


Size,* in. 

Boiler feed 
capacity 

Water and 
liquids under 
250 SSU 
viscosity 

Liquids 

250-500 

SSU 

viscosity 

j Liquids . 
500-1,000 
SSU 

viscosity 

Liquids , 
1,000-2,500 
SSU 

viscosity 

Liquids 

2,500-5,000 

SSU 

viscosity 


Gpm 

Boiler 

hp 

Gpm 

Piston 

speed, 

fpm 

Gpm 

Piston 

speed, 

fpm 

Gpm 

Piston 

speed, 

fpm 

Gpm 

Piston 

speed, 

fpm 

Gpm 

Piston 
! speed, 
fpm 

3X2X3 

6 

85 

9.8 

30 

8.5 

26 

7.5 

25 

6 

18 

4.9 

15 

3H X2KX4 

8.5 

120 

14.5 

35 

12.5 

30 

11 

27 

8.5 

21 

7 

17.5 

X2^X4 

13 

188 

21.5 

35 

18.5 

30 

16.5 

27 

13 

21 

10.5 

17.5 

5M X 3M X 5 

24 

348 

40 

40 

35 

35 

31 

31 

24 

24 

20 

20 

6X4X6 

35 

505 

59 

45 

51 

39 

45 

35 

35 

27 

29 

22 

7M X 5 X 6 

55 

800 

92 

45 

79 

39 

71 | 

35 

55 

27 

45 

22 

7M X4M X 10 

63 

910 

104 

63 

91 

55 

81 

49 

63 

38 

51 

31 

9 X 5M X 10 

85 

1.230 

142 

63 

124 

55 

110 

49 

85 

38 

70 

31 

10 X 6 X 10 

112 

1,620 

185 

63 

161 

55 

144 

49 

112 

38 

91 

31 

10 X 7 X 10 

152 

2,200 

250 

63 

220 

55 

196 

49 

152 

38 

124 

31 


* Steam cylinder diameter X pump cylinder diameter X length of stroke. 


b. Efficiencies.—Figure J-4 gives typical efficiencies of reciprocat¬ 
ing pumps handling light liquids. Efficiencies handling viscous liquids 
will be lower, but unfortunately no specific data can be presented here 
in this regard, though Table J-l gives the effect of viscosity on capacity 
and thereby gives an index of the order of effect to be expected. 

c. Control. —Because of the high volumetric efficiencies, the capac¬ 
ity of a reciprocating pump is determined almost entirely on its speed; 
in fact, the speed of a pump in good condition is a fairly accurate 
measure of the flow. A pump driven by an electric motor will, there¬ 
fore, deliver a constant flow nearly independent of head; moreover, the 
flow cannot be readily changed except by returning the excess capacity 
to the suction or by changing the length of the stroke. This latter 
expedient is employed in proportioning pumps. Control of flow by 
regulating the speed of the drive is an efficient method, as there is no 
loss of power from excess capacity or throttling. This fact accounts 
for the popularity of the steam pump as it largely offsets the low 
efficiency of the steam cylinder drive. 
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Length of Pump Stroke, Inches 


Fig. J-4.—Approximate efficiencies of direct-acting steam pumps. (Adapted from 
Nickel, “ Direct-acting Steam Pumps,” McGraw-Hill Book Company, Inc., New York, 
1915.) 

3. Centrifugal and Propeller Pumps 

a. Performance Characteristic^. —As already mentioned under 
pump types, centrifugals are made to give a wide range of characteris¬ 
tics by variation of impeller shape, speed, and number of stages^ Illus¬ 
trative performance data of single stage pumps are given as follows: 


Characteristics of a centrifugal pump showing method for correction 

when speed is changed. Fig. J-5 

Characteristics of pumps handling water compared with those han¬ 
dling viscous oils. Figs. J-6, J-7 
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Comparison of the characteristics of a centrifugal and a propeller 


.. Fig. J-8 

Performance on handling paper stock. Fig. j_g 

Performance of a stoneware pump. j?jg j_jq 


In addition to these performance curves, Fig. J-ll gives data on 
the approximate efficiencies of centrifugal pumps of different capaci¬ 
ties; Fig. J-12 gives similar data showing the effect of the specific 
speed. This specific speed is an important criterion for pump design 



Fig. J-5. —Showing how characteristics at one speed may be converted into those at 
another. {Graf, “Gas Engineers' HandbookMcGraw-Hill Book Company, Inc., New 
York, 1934.) 



Fig. J-6.—Characteristics of 2-in. single-stage pump for water and 600 SSU 
oil. {Graf, 11 Gas Engineers' Handbook," McGraw-Hill Book Company, Inc., New York, 
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GALLONS PER MINUTE 

Fig. J-7 —Characteristics of 10-in. double-suction pump for water and 1200 SSU 
oil. (Graf, “Gas Engineers' Handbook,” McGraw-Hill Book Company , Inc., New York, 
1934.) 



Fig. J-8.—Characteristic curves of a centrifugal- and a propeller-type pump, 
each rated 42,000 g.p.m. at 17-ft. head. (• Kristal and Annett, “Pumps” McGraw-Hill 
Book Company , Inc., New York, 1940.) 
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and affords an index as to the number of stages and type of pump best 
suited for the intended service. The figure indicates the impeller type 
best suited. For specific speeds below the solid lines in the figure, it is 



Fig. J-9.—Centrifugal-pump performance as affected by various consistencies of paper 
stock. (By permission, Goulds Pumps, Incorporated.) 


X. 



Gal. per Min. 

Fig. J— 10. — Characteristics of a stoneware pump. {By permission, General Ceramics and 
Steatite Corporation, Chemical Equipment Division, Keasbey, N. J .) 


advisable to divide the head into two or more stages so that the specific 
speed of each stage is in the efficient range; in fact, specific speeds 
below 800 are seldom recommended. 1 A possible exception is in the 
1 Recently single-stage hot-oil pumps with high heads have become available. 
This presumably represents an advance in pump design for low specific speeds. 
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case of small pumps, as a very low efficiency may be preferred to the 
higher cost of multistaging. 

The use of this figure is illustrated by example J-2. 

Example J-2. It is desired to pump 150 gpm of water from a main at 
35 psi to 220 psi. Find the number of stages required for a centrifugal pump 
operated at 3,600 rpm. 

Solution: 

1. Head = 220 - 35 = 185 psi, 


or 


185 X 2.31 = 428 ft of water head 


2. Specific speed, single stage, 

Rpm \/gpm 3,600 \/l50 

“ (428)% 

= 470 

Efficiency from Fig. J-12 = 50 per cent. 

3. Specific speed, 2-stage, 


3,600 Vl50 
~ (214)9* 

= 800 

Efficiency from Fig. J-12 = 60 per cent. 

Take 90 per cent of this for 2 stages = 54 per cent. 

4. Specific speed, 3-stage, 

3,600 Vl50 
~ (143)9* 

= 1,100 

Efficiency from Fig. J-12 = 63 per cent. 

90 per cent of this = 57 per cent. 

Conclusion: Three stages appear desirable even at this high speed. A 
single stage, though possible from the standpoint of specific speed, might 
lead to impractical peripheral speeds. This conclusion is strictly tentative 
since only one factor of the many entering into pump design has been con¬ 
sidered; therefore, it should be used only for preliminary power estimates and 
tentative choice between centrifugal and other types of pumps. 

Centrifugal pumps are widely used for handling thick liquids. 
Aisenstein 1 states that pumps of 3-in. or smaller suction generally 
handle liquids up to 800 SSU and that the larger pumps handle liquids 

1 “Gas Engineers’ Handbook,” McGraw-Hill Book Company, Inc., New York, 
1934. 
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— / \ Centerof 

""V rotation 


Center of Radial Francis yfr Mixed Propeller 

Rotation Flow 

Fig. J-12.—Approximate relative impeller shapes and efficiencies as related to specific 
speed. ( Courtesy of Worthington Pump and Machinery Corporation.) 
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up to 6000 SSU. Figures J-13 to J-15 permit a very approximate 
calculation of performance of centrifugal pumps handling viscous 
liquids. It should he emphasized that these data may jail entirely as 
applied to some pumps. For example, pumps having water efficiencies 
of 70 per cent may have efficiencies anywhere from 35 to 65 per cent when 
handling liquids of 200 centistokes (900 SSU). Inclusion of other 
factors, such as specific speed and liquid head, might lead to a more 
nearly adequate relation. 

Explanation of Figs. J-13 to J-15 on Effect of 
Viscosity on Centrifugal Pump Characteristics 1 

Now we take correction factors for the 84 per cent efficient pump for 
capacity 0.94 and head 0.93 and 84 per cent efficiency will drop to 60 per cent, 
according to Fig. J-15. Note that Figs. J-13 and J-14 give correction factors 



Viscosity Saybolt Seconds Universal 

Fig. J-13.—Capacity-correction factor for pumps with water-peak efficiency as marked 
for capacity at best efficiency point. (Courtesy of Oil and Gas Journal.) 

for pump capacity and head, but Fig. J-15 gives on scale at left margin cor¬ 
rected efficiencies and not factors. The efficiency at the operating point will 
be lower in the ratio 81:84, or equals 57.8. 

The operating point will come from 638 g.p.m. and 269 ft. head water 
performance as shown in Fig. J-16. Since the shutoff head stays essentially 
the same irrespective of viscosities, the head capacity curve for 1,000 seconds 
S.U.v. can be drawn through this point and the specified point using a suitable 
French curve. 

Next calculate the brake horsepower for the specified head and capacity, 
using 57.8 per cent efficiency: 

Brake horsepower = 3 X 0578 = 65 ' 5 

Locate this point in Fig. J-16 and draw a brake-horsepower curve approxi¬ 
mately parallel to the water brake horsepower. Now the efficiency for 

1 Quoted from Stepanoff, Oil Gas J., May 6, 1940, p. 78, (with changed figure 
numbering). 
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several capacities can be calculated from this brake-horsepower curve and the 
oil-head-capacity curve as shown in Fig. J-16. 

It should be understood that Figs. J-13, J-14, and J-15 are based on limited 
test data taken on pumps of many types and makes tested at different times 
by several investigators and therefore will not give results equally accurate 



Fig. J-14.—Head-correction factor for pumps with water-peak efficiency as marked 
for head at best efficiency point. ( Courtesy of Oil and Gas Journal.) 



Fig. J-15.—Correction of centrifugal-pump peak efficiency obtained on water for 
pumping viscous petroleum oil. ( Courtesy of Oil and Gas Journal.) 

for all pumps. We believe, however, it is the best that can be done when 
taking into account the very complicated nature of pump behavior when 
handling viscous liquids. It is difficult to estimate the accuracy of these 
curves. . . . 

In addition to the above described effects of the viscosity on the pump 
performance, pump behavior will be different when pumping oils if the pump 
operates at conditions approaching cavitation. 
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Capacity, Gal. per Min. 

Fig. J-16.—Predicted characteristics for a 4-in. pump handling oil of 1000 Saybolt 
Universal viscosity. Computed from characteristics on water by factors given in 
figures J-13, J-14, and J-15. (Courtesy of Oil and Gas Journal .) 

For slurries, clogging characteristics and plasticity must also be 
taken into account. Figure J-9 illustrates the behavior of pumps 
handling paper stock. The thickness of this material may be illus¬ 
trated by the fact that a tumbler nearly full of 6 per cent paper stock 
must be tipped nearly 45 deg below horizontal before it drops out as a 
single “slug.” 

b. Control.—Centrifugal-pump delivery may be controlled by 
either speed regulation or by throttling. A steep characteristic ( i.e ., 
a head that increases rapidly with decreased capacity as the pump in 
Fig. J-5) is best suited for speed control. A flat characteristic (nearly 
constant head) is best suited for throttling control. 

4. Turbine Pumps 

The term “turbine pump” is frequently applied to the diffuser- 
type centrifugal because of the mechanical similarity of that pump to 
a steam turbine. However, the term is intended here to refer to 
turbine pumps differing in type from centrifugals. These pumps, 
sometimes called “peripheral” or “regenerative” pumps, operate by 
the impulse principle. 

The performance of a typical turbine pump is given in Fig. J-17. 
It will be noted that the peak of the efficiency curve is sharper than in 
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the case of centrifugals, making the choice of pumps more sensitive. 
As in the case of centrifugal pumps, capacity may be governed by 
either speed or throttling. Since shutoff pressures are high, in some 
cases a relief valve may be needed. 



Fig. J-17. —Characteristic curves of centrifugal and turbine pumps. (Kristal and 
Annett, “Pumps” McGraw-Hill Book Company, lnc. t New York, 1940.) 



0 . 200 400 600 800 

Head, Feet of Liquid 


Fig. J-18. —Approximate range of efficiencies of turbine pumps, capacity 20 to 150 gpm. 


Figure J-18 gives the approximate range of efficiencies of turbine 
pumps at different heads and requires explanation. The intent is not 
to give ma ximum efficiencies obtainable, but rather the probable 
efficiencies when standard pumps are employed for a particular service. 
Higher peak efficiencies are obtained, but operation at the peak would 
afford only a small allowance for overload. 
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5. Miscellaneous Types of Pumps 

The performance of three pumps is presented as follows: 


Rotary pump. Fig. J-19 

Screw pump. Fig. J-20 

Gear pump. Fig. J-21 



Pressure,Uxper Sq.ln. Viscosity in Seconds,Saybolt Universal 


Fia. J-19.—Characteristic curves Fig. J-20.—Characteristic curves for a 
of a rotary slide-vane pump. ( Kris - screw pump handling fuel oil. (Kristal and 
tal and Annett, "Pumps,” McGraw- Annett, "Pumps” McGraw-Hill Book Corn- 
Hill Book Company, Inc., New York, pany, Inc., New York, 1940.) 

1940.) 



Discharge Pressure,Lb. 

Fig. J-21.—Characteristic curves of spur-gear pump handling heavy oil. (Kristal and 
Annett, "Pumps,” McGraw-Hill Book Company, Inc., New York, 1940.) 








CHAPTER K 

FANS, BLOWERS, AND COMPRESSORS 


Wherever air or other gases are handled, fans, blowers, or compres¬ 
sors are encountered. Many excellent texts cover this equipment and, 
in addition, considerable information is given in texts on air condition¬ 
ing and refrigeration. Manufacturers’ bulletins and quotations are 
important sources of data and should not be overlooked. Below are 
listed a few of the many useful books. 

Feller, “Air Compressors,” McGraw-Hill Book Company, Inc., New York, 1944. 
Gill, “Air and Gas Compression,” John Wiley & Sons, Inc., New York, 1941. 
Church, “Centrifugal Pumps and Blowers,” John Wiley & Sons, Inc., New York, 
1944. 

Baumeister, “Fans,” McGraw-Hill Book Company, Inc., New York, 1935. 
Carrier, “Fan Engineering,” Buffalo Forge Co., Buffalo, N. Y., 1935. 

“Standard Methods Adopted for Centrifugal Fans and Blowers,” National Associa¬ 
tion of Fan Manufacturers, Detroit, Mich., 1942. 

1. Fans and Blowers 


a. General Data. —Power required for moving gases may be com¬ 
puted in the same way as for pumping liquids. For last-place 
accuracy, a correction must be made for the compressibility of gas. 
In the case of fans and blowers this correction is small and may be 
neglected. This neglect will be justified later. The resulting equa¬ 
tions follow: 


Bhp = 


cfm X static head, in. of water (60°F) 
6,356 E, 


cfm X differential head, psi 
229.3#, 


where bhp = brake horsepower supplied 

cfm = volume of gas including water vapor at suction tempera¬ 
ture and pressure 
E M = static efficiency 

In order to find the error introduced by neglecting the compressi¬ 
bility of the gas, we may compute the power required for compressing 
1,000 cfm of air at 60°F and atmospheric pressure to 2 psig and com¬ 
pare the result with the value computed from the exact equation given 
under compressors. The results are 12.5 and 12.0 hp, respectively, 
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Since these figures differ by only 4 per cent, it will be seen that use of 
the simpler formula is justified for most purposes up to 2 lb discharge. 
At the low pressures produced by most blowers the difference is entirely 
negligible. 

When fans are used for circulating air against no measurable static 
head, the power required may be computed from the velocity. This 
power is the kinetic energy of the gas stream divided by the dynamic 
efficiency and may be conveniently computed by the equations below. 

-pi _ 

P 27,500,000^ 

Wu 2 

126,000,000 E d 


where bhp = brake horsepower of drive 

Q = SCF/min (measured at 60°F, 30 in. Hg.) 
s = specific gravity of gas; air = 1 
W = lb/hr 
u — velocity, fps 
E d = dynamic efficiency 

Most blowers, even though designed to give static heads, discharge 
the gas at high velocity, and this velocity head is supplied by the 
blower. The velocity head may, for most purposes, be considered as a 
mechanical loss, and the power may be computed directly from the 
required static head and the static efficiency. If desired, the power 
may, however, be computed from the total dynamic plus static head 
and the total efficiency. This may be done either by adding the static 
plus dynamic power requirements or by first converting the dynamic 
head to static units and adding to the static head. In the latter case 
the power should be computed from the static formula and the total 
efficiency. The velocity head in static units is given by the 
expressions: 


Psi = 


pu 2 

p50 


!n. water = gg 


where p = gas density lb/cu ft, discharge conditions 
u = gas velocity, fps 

b. Performance Characteristics. —Figures K-l and K-2 give 
performance characteristics of a propeller and centrifugal fan, respec¬ 
tively. Actually a wide variation of characteristics may be obtained 
for either type by employing different blade designs. Heads up to 
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60 in. of water may be obtained by fans, particularly if intended for 
operation under steady conditions. For heads above 20 in. of water, 
however, multistage units, i.e., centrifugal and axial compressors, are 
frequently found desirable. Factors determining such choices are 
complicated and should be left to the specialist. 



Per Cent of Wide Open Volume 

Fig. K-l.—Operating characteristics of axial airfoil type fans. (Reprinted from p. 586 
“ Heating Ventilating Air Conditioning Guide ” 1942.) 



Fig. K-2—Operating characteristics of centrifugal fans with blades curved backwards. 
{Reprinted from p. 588 “ Heating Ventilating Air Conditioning Guide, 1942.) 


For general preliminary estimates the following efficiencies will 
usually be obtainable for steady services: 


Per Cent 


Static efficiency.. 

Dynamic efficiency when static head is 0 
Over-all efficiency. 
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2. General Data for Compressors 

a. Power Requirement. —The work of compression of gases can be 
derived simply from the methods of thermodynamics as outlined in 
Chapter E. Gases are heated by compression unless the heat of 
compression is removed. In actual practice a portion, but not all, 
of this heat is removed. For the sake of definiteness, the calculation 
of the theoretical power is customarily based on either of two extreme 
assumptions: either that all of the heat is removed continuously during 
compression (isothermal), or that none at all is lost (adiabatic). For 
the isothermal case the work for compressing a perfect gas is [from 
Eq. (E-36)] 

w — J p dV = J —~ dp = RT In ~ 


where w = work in the same units as RT 

p = instantaneous pressure, any unit 
Pi, Pi — suction and discharge pressures 
V = instantaneous volume 
R = gas-law constant (see Table E-l) 

T = absolute temperature, °R or °K, depending on units of R 
Converting this equation to specific units of power and introducing 
the isothermal efficiency, we obtain 


Bhp 


MT log 21 

3510#, s Pl 


where bhp = brake horsepower 

M = SCF/min (measured at 60°F and 30 in. of Hg.) 

T = suction temperature, °R 
Pi, Pi = absolute pressure at suction, discharge 
Ei = isothermal efficiency 

= ratio of ideal isothermal power to actual power 
The second assumption of no heat loss, i.e., of adiabatic compres¬ 
sion, is much more universally used because the results are much 
closer to actual performance and also because the adiabatic efficiency 
afforded by a compressor is nearly independent of the properties of the 
gas being compressed. An additional assumption is also made in the 
case of perfect gases, namely, that the specific heat is constant. Under 
these circumstances the adiabatic equation of state of a perfect gas 
becomes 


pvt = a constant 



FANS, BLOWERS, AND COMPRESSORS 


359 


where p = instantaneous pressure 
v = instantaneous volume 
7 = adiabatic expansion coefficient 



C p , C v = specific heats at constant pressure, volume 
R = gas-law constant, same units as C p 
The work of ideal adiabatic compression (also called “isentropic” 
compression) then becomes 

or 

T 0.0643Af r/p 2 V 1 pi 0.06433/' [YpsV 1 

Bh P ~ 520 nE LW “ J P’ nE LW “ l J 

where w = work, same units as RT 
R = gas constant 

T = absolute temperature at suction, °R 
Pi, P2 = absolute pressures at suction, discharge 
p 8 = 14.73 psi, 30 in. Hg., etc. 



C p , C v = specific heat at constant pressure, volume 
M = SCF/min 

M' = cu ft/min measured at suction conditions 
E = adiabatic efficiency 

Figure K-3 gives a graphical solution of this equation. The accuracy 
of this figure is about 1 per cent. 

Actual gases do not fulfill either of the assumptions used in deriving 
the adiabatic power equation; the perfect gas law is not obeyed exactly, 
and specific heats are not constant but increase with both temperature 
and pressure. (Specific heats of monatomic gases at low pressure are 
independent of temperature.) Nevertheless the equation does, by 
good fortune, give reasonably accurate results for actual gases unless 
the gas-law deviation is very large. For example, the exact theoretical 
power requirement for two-stage compression of ethylene differs from 
the value determined by Fig. K-3 by only 2 per cent. It will also be 
noted by study of Fig. K-3 that the power of compression does not 
change much for small changes in specific heat or 7. On this account 
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approximate values of either will suffice. Usually, good accuracy will 
be obtained by the use of the specific heat (or adiabatic compression 
exponent) at suction conditions. For gaseous mixtures the average 


Chart solves the equation: 


_T_ 0.0643 M 
KR ~ 520 n 




T s Absolute temperature 
at. suction, ° R. 

M = Standard cubic feet 

per minute (S.C.F.M.) 

Pj = Absolute pressure at suction 

p 2 = Absolute pressure at discharge 

R _ r-1 
n - r -- 

Cp j 

R * 6as law constant,same units as C p 
= 1.987 Brt.u./lb. mole.-deg. H 

7* = C p/C Y 

Cp = Specific heat at constant pressure 
C v = Specific heat at constant volume 


Note; For suction temperatures other 

than 60°F., multiply power by T/520. 

To obtain actual B.hp.: Divide power 
by adiabatic efficiency. 1 S.C.E quantity 
of gas contained by icu.ft. at 60°E 
and 30" Hg. (14.73 lb./sq.in v abs.) 


f Monatomic gases 
^ Adiabatic Expansion Exponent, y 
L67 1.4 1.3 1.2 1.1 10 
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Specific Heat, C p ,B.T.U./Lb. Mole-Deg.E 
Fiq. K-3.—Power required for ideal adiabatic compression of gases 


specific heat may be used. Table K-l gives approximate values of the 
expansion exponent. Data on specific heats are given in Chapter E. 

When imperfect gases are compressed, the use of thermodynamic 
charts such as Figs. E-20 and E-21 is recommended. The steps 
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Table K-l. Approximate Values of Adiabatic Expansion Exponent of 
Common Gases at Low Pressures and 50 to 100°F 

Adiabatic Expan- 

^ ases sion Exponent, 7 

Monatomic (He, Ne, Kr, Hg). 1 67 

Most diatomic (0 2 , N 2 , Air, H 2 , CO, NO).’ 1^4 

Acetylene (C 2 H 2 ). 1 28 

Ammonia (NH 3 ). 131 

Butanes (C4H10).. 11 

Butylenes (C4H8). 11 

Carbon dioxide (C0 2 ). 1 28 

Chlorine (Cl 2 ). 1 33 

Ethane (C 2 H«). 1.24 

Ethylene (C 2 H 4 ). 1.25 

Hydrogen sulphide (H 2 S). I.33 

Methane (CH 4 ). 1.31 

Methyl chloride (CH3CI). 1.20 

Propane (C 3 H 8 ).. 1.15 

Propylene (C 3 H 6 ). 1.16 

Steam (H 2 0). 1.32 

Sulphur dioxide (S0 2 ). 1.27 

involved in the use of these charts are outlined below (see Example E-l 
in the chapter on thermodynamics): 

1. Locate the point corresponding to inlet pressure and tempera¬ 
ture—record enthalpy, Hi. 

2. Follow the line of constant entropy to outlet pressure, record 
enthalpy, H 2 , and temperature, t 2 , (discharge temperature for ideal 
compression). 

3. Work of compression = H 2 — Hi, or 

_ (H 2 - Hi) X lb/hr 
Hp = -2^44- 

where H 2 , Hi are in Btu/lb. 

4. Repeat for each stage. 

5. Divide by efficiency to secure brake horsepower. 

b. Discharge Temperature of Compressed Gases.—For many 
purposes it is customary to take the ideal adiabatic temperature as 
close enough. This may be computed by the equation 

where T\, T 2 = absolute temperature at suction, discharge 
Vh P* — absolute pressure at suction, discharge 
y = adiabatic expansion exponent 
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However, it is equally easy to obtain a better value by a heat balance 
as follows: 


1 2 


, , 2,544P - Q _ , , 2,544P - Q 
1 ^ 60 MC P 1 Wc p 


where ti, t 2 = suction, discharge temperature, °F 
P = brake horsepower 
Q = total heat leaks, Btu/hr 

= convection losses + heat removed by jacket water 
M = SCF/min 
W = lb/hr 

C p = specific heat, Btu/(SCF)(°F) 
c p = specific heat, Btu/(lb)(°F) 

In the special case of single-stage reciprocating compressors using 
normal values of Q, this becomes 


t 2 


= h + 


25 P 
MC V 


= h + 


1,500P 

TFcp 


(Example E-l illustrates the calculation of discharge temperature by 
use of thermodynamic charts.) 

c. Water Vapor in Compressed Gas.—If gases contain water vapor, 
its volume must be included for computing the power. After com¬ 
pression and cooling, some of this water vapor becomes condensed, 
and the after- and intercoolers must remove the heat of condensation 
of the water vapor in addition to the heat of compression. The 
amount of vapor present may be computed from the vapor pressure of 
water and Dalton’s law: 


M w = 

P - P* 

where M w = SCF of water vapor (1 lb = 21.02 SCF) 

M g = SCF of fixed gases 
p — total pressure, absolute 

p w — vapor pressure water, same units as p (multiply p w by 

relative humidity - . , A 

-jqq -- for gases not saturated with water 

vapor) 

The heat of condensation at room temperature is approximately 
50 Btu/SCF. 

d. Cooling Water. —The work of compression appears quantita¬ 
tively in the heat content of the gas and must be removed if the com- 
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pressed gas is desired at the original temperature. This is 2544 
Btu/hp-hr. The approximate cooling water requirement for a 
reciprocating compressor computed on this basis is given in Table K-2. 
Additional cooling will be required to condense any liquid products, 
such as water (see previous section), and may also be required because 
of the Joule-Thomson effect in the case of gases at very high pressures 
or gases near critical conditions. In this latter case, use of thermo¬ 
dynamic charts is desirable. This use is outlined below (see Example 
E-l in the chapter on thermodynamics): 

1 . Find heat content of inlet gas = H h Btu/lb. 

2 . Add power input to obtain heat content of exit gas, 

H 2 = Hl + ^^P Btu/lb 

(See Paragraph a for computing power.) 

3. Find heat content of cooled compressed gas = Hz, Btu/lb. 

4. Heat to be removed by aftercooler (or intercooler) = H 2 — H 3 
Btu/lb. 

5. Cooling water required, 

G pm = H z 

P 500 X temperature rise 

Frequently the gas being compressed is a vapor and is entirely 
condensed in the aftercooler (condenser). In this case the use of 
thermodynamic charts, as just described, is identical except that H 3 
equals the heat content of the condensed liquid. If thermodynamic 
charts are not available, the condensing load is simply the latent 
heat of vaporization. To this must be added about 20 per cent for 
cooling the compressed vapor to the saturation temperature. 


Table K-2.— Approximate Cooling Water Requirement tor Reciprocating 
Compressors Handling Fixed Gases 



Btu/hp-hr 

Gpm for each hp 


1 

10°F rise 

i 

20°F rise 

40°F rise 

Jackets. 

Inter-* and aftercoolers. 

1000 

1500 

0.20 

0.30 

0.15 

0.04 

Total*. 

2500 

0.50 

0.25 

0.065 


* Additional is required to condense any liquid products; also, additional may 
be required if the Joule-Thomson effect is large, 
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e. Types of Compressors.—The standard method of compression 
is still the reciprocating compressor. These compressors are efficient 
and simple to design for all ranges of pressure and capacity. The 
reciprocating motion makes them particularly suited to engine drives. 
The chief disadvantages are relatively high maintenance and oil 
consumption. 

The centrifugal and axial flow compressors are becoming increas¬ 
ingly popular for the larger capacities. As yet they are not common 
for the higher pressure ranges, though the only apparent limitation is 
customer demand. The efficiencies are in general only slightly below 
the reciprocating type, but frequently this is more than offset by lower 
costs of purchase and maintenance, together with the almost complete 
absence of oil spray in the compressed gas. Their rotary motion 
makes these compressors well suited for motor or turbine drive. 

Rotary compressors of various types have important applications. 
At low heads their efficiencies compare favorably with reciprocating 
and are well suited to small capacities. The liquid piston type uses 
no lubrication other than the sealing liquid (usually water). 

3. Reciprocating Compressors 


a. Power Requirement for Single-stage Compressors.—The 

approximate efficiencies of reciprocating compressors are given in 
Fig. K-4. The values given are considered conservative. In fact, 



Fig. K-4.—Approximate efficiencies of reciprocating compressors. (Baaed on data 
supplied by the courtesy of Clark Bros, Co., Inc.) 
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considerably higher efficiencies are sometimes quoted; for example, 
Feller 1 states that “ large steam-driven compressors, when in first class 
condition, show a mechanical efficiency, when fully loaded of approxi- 



12 1.4 1.6 1.8 2.0 3 4 5 6 7 

Compression Ratio, /p, 


Note: For suction temperatures other than 60°F., multiply power by where T = 
absolute temperature, °R. 

Fia. K-5.—Brake horsepower for reciprocating compressors. (Based on data supplied 
by the courtesy of Clark Bros. Co., Inc.) 

mately 90%. Smaller steam-driven machines may show lower 
results, 87 to 90 %.” However, reciprocating compressors could not be 
expected to give such high efficiencies without frequent overhaul, and 
Fig. K-4 is probably about as good as any manufacturer would care to 
quote for sustained operation with adequate maintenance. 

1 “Air Compressors/’ McGraw-Hill Book Company, Inc., New York, 1944. 
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Actually the efficiency probably depends to some extent on the 
gas being handled. For example, performance on hydrogen would 
probably be several per cent below that on air or methane. 

For most gases the power may be computed directly from Fig. K-5. 
Where the deviation from the perfect gas law is excessive, use of 
thermodynamic charts and Fig. K-4 is recommended. 

b. Power Requirement for Multistage Compressors. —For com¬ 
pressors developing high pressures it is usually necessary to divide the 
compression into two or more stages with intercooling between stages, 
in order to obtain a good mechanical performance and to secure lower 
power consumption. If a constant adiabatic efficiency is assumed, it 
can readily be shown that the larger the number of stages, the more the 
power is reduced. In actual practice, too many stages actually increase 
the power owing to the lower efficiencies obtained and the added power 
required to supply the pressure drop in the intercoolers. From the 
standpoint of lowest power, compression ratios of the individual stages 
should be, roughly, between 2.5 and 6. Because of higher tempera¬ 
tures developed at high compression ratios it is usually desirable to 
keep the compression ratio below 5 in order to keep the cylinder walls 
cool, or for other reasons such as avoiding decomposition of the gas 
handled or danger of oil ignition. 

The power required for multistage compressors may be computed 
by treating each stage separately as a single-stage machine. For 
obvious mechanical reasons it is desirable to balance the stages so that 
each requires the same power. This condition is closely fulfilled when 
the compression ratios of all stages are identical, that is, (neglecting the 
pressure drop in the intercoolers between stages), 

Two-stage, 

Pi 

Po 

Three-stage, 

Pi 

Po 

Four-stage, 

Pi 

PO Pl P2 P3 \P0 

where p 0 = absolute pressure at suction 

Pi, P2, Ps, Pi = absolute pressure at discharge stages 1, 2, 3, 4 

With compression ratios as so calculated, the power for each com¬ 
pression stage may be readily computed, but the total will not include 


__ P_2 _ /j 
Pi 


P_2 

Po 


P_2 = P_3 = /P3 

Pl P2 \P0 


P2 _ P3 _ Pi _ 4 /P4 
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the extra power required because of the pressure drop through the 
intercoolers. This is most accurately done by estimating the actual 
pressure drops and adjusting the compression ratios. However, this 
refinement is seldom necessary, as increasing the power by 2 per cent is 
usually sufficient allowance, provided the compression ratios of individ¬ 
ual stages are above 2 . 

c. Jacket Water. —The jacket water requirement of compressors 
depends on mechanical design. In general a high velocity is required 
so that only about 10 °F temperature rise should be assumed for a 
single pass. If a higher temperature rise is desired, a circulating 
system should be employed with sufficient fresh water added to hold 
the desired temperature. Obviously very hard water should be 
avoided to prevent scale formation. Usually rather warm cooling 
water is preferred. Feller 1 recommends discharge water temperatures 
between 100 and 160°F. Approximately 1,000 Btu/hp-hr is removed 
by cooling water. Table K -2 given under general data gives a useful 
summary of typical rates for cooling water requirements of compressors 
handling fixed gases. Small compressors are frequently designed for 
air cooling by fins to obviate the use of cooling water. This expedient 
is not practiced in the larger sizes. 

d. Lubrication.—The lubricating oil actually used by compressors 
depends largely on the care of supervision by the operator. One 
gallon per 1,000 hp-hr is a reasonable allowance for preliminary esti¬ 
mates. Nearly all the oil used will leave as spray in the compressed 
gas and must be removed if an oil-free product is desired. 

Reciprocating compressors can be operated with water lubrication 
by use of leather crimps or carbon rings. In the latter case, lubrica¬ 
tion may be eliminated entirely at the expense of increased mainte¬ 
nance. In general, where oil must be excluded, other types of 
compressors should be considered. 

e. Capacity of Reciprocating Compressors. —The volume delivered 
is the piston displacement divided by the volumetric efficiency. Below 
are given formulas for capacity: 

Sihgle acting: 


M = 


E V CND 2 S 

2,200 


Double acting, no tail rod: 


E V CNS(2D 2 - d 2 ) 

2,200 


1 Feller, op. cit. 
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where M = cfm measured at suction conditions 
E v = volumetric efficiency 
C = number of cylinders 
N = strokes/min 
S = length of stroke, in. 

D = diameter of piston, in. 
d = diameter of piston rod, in. 

The volumetric efficiency depends on a number of factors, of which 
the piston clearance and the compression ratio are the most important. 
The clearance is the ratio of minimum volume between piston and exit 
valves to the displacement. Gill 1 gives a nomograph for computing 
the volumetric efficiency from the clearance and the compression ratio. 
Unfortunately, the clearance is usually an unknown factor. However, 
the equation below based on normal clearance, etc., may be used for 
estimating volumetric efficiencies directly: 


E v = 0.90 - 


0.03p 2 

Pi 


where E v — volumetric efficiency 

Vh Vi = suction, discharge pressures, absolute units 
It is perhaps well to point out that very small compressors or those on 
vacuum service may have somewhat lower volumetric efficiencies. 

f. Control. —Since the capacity of compressors changes only about 
5 to 15 per cent on doubling the pressure, it is evident that throttling 
of the discharge is an ineffective method of control. The capacity is 
changed by different suction pressures, but suction throttling is very 
seldom advantageous. Consequently, speed control is the best method 
of regulating output. Where the compressor is electric-driven, the 
excess capacity may be by-passed back to the suction or “unloading” 
devices may be employed. These devices usually involve either 
pockets to increase the clearance, or blocking part of the valves. 
Unloading changes the compressor capacity by steps, and close regula¬ 
tion for steady delivery at intermediate values must be effected by 
additional equipment. 


4. Centrifugal and Axial Compressors 

These machines are really just multistage centrifugal and propeller 
fans, respectively. The development and application of both machines 
have expanded rapidly in recent years. Figure K -6 gives perform¬ 
ance data for a centrifugal compressor; Fig. K-7 gives performance 
data of a centrifugal compressor with diffuser vanes for regulation 
1 “ Air and Gas Compression,” John Wiley <fc Sons, Inc., New York, 1941. 
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6 6 10 12 14 16 16 

Inlet Volume Thousand C.f.m. 

Fig. K-6.—Typical characteristic curve of a constant-speed machine. (Courtesy of 
Roots-Connersville Blower Corp.) 



Cubic Feet of Inlet Air per Min. 


Fig. K-7.—Operating characteristics of a blower operating with movable diffuser vanes. 
(Courtesy of AUis-Chalmers Manufacturing Company.) 
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of capacity; Fig. K-8 compares the performance of an axial and 
centrifugal compressor. The centrifugal machines are quite flexible in 
their operation. They do exhibit critical speeds, but these are not 
usually troublesome except for flows very much below the full rating. 
In the smaller sizes critical speeds may be absent. In the case of axial 
compressors, critical speeds are an important consideration restricting 



Suction Volume in Per Cent 

Fig. K-8.—Comparative characteristics of centrifugal and axial compressors at constant 
speed. (Courtesy of Allis-Chalmers Manufacturing Company.) 

operation to roughly, 80 to 120 per cent of the rated capacity. This 
requirement restricts application of these compressors to uses requiring 
fairly steady flows against fairly steady heads. Fortunately, however, 
these are a frequent process requirement so that there are many 
services in which axials can be used to advantage. 

Typical efficiencies of centrifugal and axial compressors are given 
in Fig. K-9. These values are conservative. For example, Tucker 1 

1 Chem. & Met. Eng., 51, 96 (March, 1944), also personal communication; cf. 
Avery, Allis-Chalmers Power Review , August, 1939. 
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quotes 85 per cent adiabatic efficiencies for axial compressors and still 
higher values are believed obtainable. Efficiencies are relatively 
independent of gas density, temperature, and pressure. The number 
of stages required for high efficiency is, however, dependent on these 
factors. 

Water jackets are not required by these machines but are frequently 
included to improve the efficiency. For the higher pressure range, 
intercooling at one or more intermediate pressure is desirable to lower 
the power and improve the capacity. As in the case of reciprocating 



o' ifT o' O' us* o' liS* o' u-f o' 

Inlet Volume, c.f.m. 


Fig. K-9.—Comparative efficiencies of centrifugal and axial compressors. (Courtesy 
of Allis-Chalmers Manufacturing Company.) 

compressors, the powder may be computed separately for each stage 
from suction to first cooler, and from there to second cooler, etc. 

Centrifugal compressors are well suited for throttling control or 
control by diffuser vanes (see Fig. K-7). Speed control is also effec¬ 
tive, particularly to obtain a constant flow against a variable head. 
Axial flow compressors are well suited for speed control when operating 
against a relatively constant head, but they are not well suited for 
throttling control. 

The bearings of centrifugal and axial compressors are the only 
parts requiring lubrication. Consequently, the compressed gases 
will be substantially oil free. 

5. Rotary Compressors 

The A.S.M.E. test code classifies rotary compressors as sliding vane , in 
which longitudinal vanes slide radially in a rotor mounted eccentrically in a 
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cylinder; two impeller , in which two mating iobed impellers revolve within a 
cylinder; and liquid piston , in which a liquid serves to displace the air within 
a rotating element. 1 

Slide-vane compressors are reasonably priced but have disadvan¬ 
tages of high lubricating-oil consumption and comparatively high 
maintenance. Table K-3 gives data on single-stage compressors. 
Two-stage machines are made for pressures up to 125 psig and are not 

Table K-3.— Single-stage Sliding-vane Compressor Capacities 


(Feller, “Air Compressors,” McGraw-Hill Book Company, Inc., New York, 1944) 


60-cycle, 

rpm 

Lb gauge discharge pressure 

lib gauge discharge pressure 

20 

30 

40 

50 

20 

30 

40 

50 

Cfm, 

actual free air delivery 

Rp rating of nearest commercial- 
size squirrel-cage motor 

1,160 

32 

31 



5 

5 



1,160 

44 

42 



5 

m 



1,160 

52 




5 

7 K 



1,160 

76 

74 

72 


7K 


15 

15 

1,160 

83 

82 


78 

7H 


15 

15 

1,160 

112 





15 

20 

20 

1,160 

129 

127 

124 

122 

15 

15 

20 

25 

1,160 

154 

152 

149 

146 

15 


25 

25 

1,160 

197 

194 


186 


25 

30 

30 

1,160 

232 

228 

224 



25 

30 

40 

870 

284 


275 


25 


40 

50 

870 

339 

334 

329 

324 



50 

50 

870 

377 


365 




50 

60 

870 


396 


385 



60 

60 

870 

482 

473 

467 




75 

75 

690 

534 

526 

519 

512 



75 

100 

690 


598 

592 

585 


75 

100 

100 

690 

685 

675 

665 

656 

60 

75 

100 

100 

690 

773 

763 

754 

745 

75 


100 

125 

575 


878 

866 

855 

75 


125 

150 

575 






125 

150 

150 

575 


1,392 

1,374 

1,355 

125 


200 

i 200 

575 


1,592 

1,572 

1,554 

125 


200 

250 


1 Feller, op. cit. 
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Pressure Lb. per Sq.la Gage 

Fig. K-10.—Volume, horsepower, and efficiency curves of a 588 rpm, 12,500 cfm, 12-lb, 
two-impeller compressor. (Courtesy of Roots-ConnersvUle Blower Corp .) 



X 

CD 


Fig. K-ll.—Typical performance curve of a single-stage liquid piston compressor. 
{Courtesy of Nash Engineering Company.) 
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suited to throttling control. Water jackets are required for the larger 
sizes. 

Two impeller compressors are advantageous for pressures between 
the most efficient ranges of blowers and reciprocating compressors. 
They are reasonably priced, but their oil consumption is appreciable 
and they are not suited to throttling control. Figure K-10 gives 
performance data on a large machine. 

Liquid piston compressors present the advantages of using no 
lubrication and developing pressures up to 75 psig by a single stage. 
They are suited for either speed or throttling control. The perform¬ 
ance of a small machine is given in Fig. K-ll. 

6. Vacuum Equipment 

There is, of course, no magic in the atmospheric pressure of 14.6955 
psi, the mean atmospheric pressure at sea level: and compressors of 
all types will work at pressures well below this (i.e., in the vacuum 
range). The power requirement is computed in the same manner as 
the higher pressure equipment. The lower the absolute pressure, 
however, the larger the displacement required for the same weight of 
gas so that mechanical vacuum pumps run to size. Further, the 
volumetric efficiencies of all types of compressors are lower in the 
vacuum range and at very low pressures approach zero; that is, there 
is a definite limit to the vacuum any given machine can achieve. In 
general, rotary machines produce the best vacua, reciprocating next, 
and centrifugal machines the poorest. 

By far the most popular device for industrial vacuum work is the 

Table K-4.—Average Steam Consumption Steam Jet Ejectors 
(Reprinted from “Cameron Hydraulic Data,” 11th ed., 1942, by permission of the 
Ingersoll-Rand Company) 

Pounds per hour at 100 psig pressure, steam pressure. 


Weight 
mixture, 
lb/hr 

% net 
dry air 
by 

weight 



Suction 

pressure, in. 

Hg. abs 




1.0 

1.5 

2.0 


4.0 

6.0 

3- 

stage 

2- 

stage 

3- 

stage 

2- 

stage 

2- 

stage 

2- 

stage 

2- 

stage 

2- 

stage 

1 - 

stage 

1 - 

stage 

10 

100 

73 

99 

59 


58 

50 

42 

38 

58 

36 

10 

70 

59 

84 

47 

60 

49 

42 

35 

31 

63 

39 

10 

40 

45 

68 

33 

47 

38 

32 

26 

23 

68 

41 

10 

10 

24 

45 

16 

28 

21 

17 

14 

12 

74 

42 


Note: Steam consumption is directly proportional to capacity. 
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steam ejector. Steam ejectors are small, inexpensive, and have no 
moving parts. The steam consumption of these ejectors depends on 
a large number of factors which are listed below: 

1. Absolute pressure of vacuum system. 

2. Discharge pressure. 

3. Steam pressure. 

4. Cooling water temperature. 

5. Density and quantity of fixed gases. 

6. Quantity of water vapor. 

7. Quantity, density, and saturation temperature of other vapors. 
Table K-4 gives typical steam requirements for ejection of air and 
water vapor. 



CHAPTER L 


ABSORPTION, STRIPPING, DISTILLATION 

The rectification processes of absorption, stripping, and distillation 
are closely related because they are methods for separating a mixture 
into its components by taking advantage of the difference in composi¬ 
tion of gas and liquid in phase equilibrium. Fortunately, nearly all 
texts on chemical engineering present a good treatment of the basic 
theory. Several texts on these subjects are listed below. 

Robinson and Gilliland, “The Elements of Fractional Distillation,” 3d ed., 

McGraw-Hill Book Company, Inc., New York, 1939. 

Hausbrand, “Principles and Practice of Industrial Distillation,” John Wiley & 

Sons, Inc., New York, 1926. 

Sherwood, “Absorption and Extraction,” McGraw-Hill Book Company, Inc., 

New York, 1937. 

Ruhemann, “The Separation of Gases,” Oxford University Press, New York, 1940. 

Design of rectification equipment involves the choice of the rectifi¬ 
cation cycle followed by separate consideration of the operations of 
absorption, stripping, distillation, compression, heat exchange, etc. 
Tentative process flows are adopted and the power, steam, cooling 
water, and equipment requirements computed. Several such com¬ 
putations should permit the choice of the preferred design flows. 

The simplest measure of the difficulty of a rectification process is 
the theoretical plate. A perfect plate is defined as one in which the 
liquid leaving is in equilibrium with the vapor (or gas) leaving. The 
number of such plates required for the operation is dependent on 
the equilibria involved, the ratio of liquid to gas flows, the purity, and 
the recovery required. The actual number of plates required will in 
general be somewhat greater. 

In case packed towers are to be used, the number of theoretical 
plates may still be used as the measure of rectification. The estima¬ 
tion of the height of an actual column equivalent to a theoretical plate 
(usually referred to as the H.E.T.P.) is not entirely straightforward; 
moreover, the theoretical treatment of this problem is beyond the scope 
of the book. Briefly, differential equations are set up for the local 
rate of diffusional transfer of key components between the liquid and 
the gas phases. The result may be expressed either in terms of the 
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mass transfer coefficient or as the number of transfer units. This unit 
is defined mathematically and is similar to the theoretical plate except 
that it includes allowance for the difference between equilibrium and 
actual concentrations. In this way rules have been developed for 
computing the number of transfer units and also the required height 
for transfer unit (H.T.U.). 

This section gives rules for computing the number of theoretical 
plates and transfer units from flows and equilibrium data, some useful 
equilibrium data, and data on sizing columns. 


1. Absorption of Gases by Liquids 

a. Kremser Method for Computing Theoretical Plates.—The 

performance of an absorption column may be computed from the 
following formula : 1 


E = 




(L-l) 


where E = absorption efficiency (see discussion) 

Y i, Y 2 = mole ratio gas being absorbed to inert gas in gas stream at 
inlet and outlet 

Y* = mole ratio in gas required for equilibrium with inlet liquid 
A — absorption factor (see Table L-l) 
n = number of theoretical plates 
When A — 1, Eq. (L-l) reduces to 


E = 


n 

n + 1 


E 

or n = l=E 


Figure L-l, based on this equation, may be used directly for com¬ 
putation of the number of theoretical plates. Table L-l gives addi¬ 
tional useful data. 

No matter how high a column may be made, the best it can do is 
to establish equilibrium between the gas entering and the liquid leaving 
the base. This equilibrium represents the maximum amount of dis¬ 
solved gas that can be carried out by a unit amount of liquid and, times 
the number of units circulated, represents the maximum quantity of 
gas that may be absorbed. This must be at least equal to the quantity 
of gas that is to be absorbed. Bare fulfillment of this condition repre¬ 
sents the theoretical minimum circulation for complete absorption. 
The ratio of liquid actually circulated to this theoretical minimum is the 
absorption factor . The above statements are very generalized and 

1 Kremser, Nat. Petroelum News , 22, No. 21, 42 (May 21, 1930); cf. Souders 
and Brown, Ind. Eng. Chem ., 24, 519 (1932). 
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may, perhaps, be clarified by repetition in terms of definite units (see 
Table L-l for nomenclature): 

Maximum concentration dissolved gas at base of column = x* = 

K 

Quantity of gas to be absorbed = Giyi, moles/hr 
Minimum condition for complete absorption, 

Lixl = = G &1 or U = «?i 

Absorption factor for any liquid rate, A = 


The absorption factor may, of course, be computed for any point 
in the column. If this factor is constant, then Fig. L-l becomes nearly 



A, Absorption Factor-orS, Stripping Factor 

Fig. L-l.—Chart for computing the number of theoretical plates required for absorption 
or stripping operations. 


exact and is entirely so if only a small fraction of the inlet gas is 
absorbed. Actually, the absorption factor usually varies throughout 
the column. If the absorption factor is computed for both the top 
and the bottom, the actual absorption efficiency will usually be inter¬ 
mediate between the two corresponding values read off from Fig. L-l. 
Edmister 1 has proposed the following equation for an effective absorp¬ 
tion factor: 


1 Ind. Eng . Chem., 36, 837 (1943). 





ABSORPTION, STRIPPING, DISTILLATION 
As = VAJA^ + 1) + 0.25 - 0.50 


379 


(L-2 - ) 


where As 
Ab 
At 


effective absorption factor for use in Eq. (L-l) 
absorption factor at base of column 
absorption factor at top of column 


Table L-l.— Data for Computing Absorption Factors 


Concen- 

Cnnccn- j 

Equilibrium 



tration 

tration 

Absorption 

Stripping 

in liquid 

in gas 

expression 

factor 

factor 

X 

y 

Vaporization constant 

L 

kG 

kG 

L 

X 

y 

Raoult’s law 

pL 

p v G 

Pj,G_ 

pL 

X 

y 

Henry's law 

PL 

HG 

HG 

pL 

c 

y 

Bunsen coefficient 

pPL 0 

PaG v 

PaG v 

pPL v 

c 

y 

Ostwald coefficient 

p — Pa 519a L v 
Pa — P T G v 

Pa ~ Pa T G v 
p — Pa 519a L v 


x = mole fraction (of component being absorbed or stripped) in liquid 
Xi = inlet; x 2 = base 

x* = mole fraction in liquid leaving if it is in equilibrium with inlet gas stream 
c = concentration of dissolved gas, SCF gas/cu ft of solvent 
y = mole fraction (of component being absorbed or stripped) in gas stream 
?/1 = inlet gas; y 2 — exit gas;?/* = gas in equilibrium with inlet liquid 
L = moles of total liquid per hour 
L v = cubic feet of dissolved gas free liquid per hour 
G — moles of total gas per hour 
G v — SCF/hr, solvent vapor-free basis 
p — system pressure (absolute) 
p v = vapor pressure of component to be absorbed 
p, = vapor pressure of solvent 

p a = standard atmospheric pressure (1 atm, 14.7 psi, etc.) 
k — vaporization constant, the ratio of equilibrium concentrations: y/x 
H = Henry’s law constant, at equilibrium: H = py/x (same units as p) 

(3 — Bunsen coefficient expressed as SCF gas dissolved in 1 cu ft liquid when 
the partial pressure of gas is 1 atm. (As given in the “International 
Critical Tables,” the gas volume is referred to 0°C and 1 atm. Multiply 

these by x = 1.05 to convert to SCF/(cu ft) (atm) 

a =* Ostwald coefficient, volumes of pure gas dissolved in one volume of liquid 
when total pressure is 1 atm and volumes are measured at 1 atm and 
the temperature of interest 
T = absolute temperature, °R 
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Use of the absorption factor computed in this manner increases the 
accuracy of estimating the number of theoretical plates by Eq. (L-l). 

It is usually necessary to take the heat of absorption into account 
to secure the temperature at the base before accurately computing 
the absorption factor. If the heat capacity of the solvent is large 
compared to that of the gas, the gas will leave the column nearly at the 
temperature of the inlet liquid. The heat of solution then will all go to 
heating the liquid, and the temperature rise of the liquid times its heat 
capacity will equal the heat of solution. If the heat capacity of the 
gas is comparable with that of the liquid, it will absorb some of the 
heat also. 

The absorption efficiency is the fraction of the soluble gas com¬ 
ponent that is absorbed by a solvent initially free from dissolved gas. 
In case the inlet liquid contains some dissolved gas, it can then at best 
reduce the exit gas only to the equilibrium concentration. One may 
compute this concentration from the equilibrium involved. From this 
the maximum possible fractional absorption of the gas may be com¬ 
puted. This fraction times the absorption efficiency E, is the net fraction 
absorbed. Repeating this in specific units (see Table L-l for 
nomenclature), 

Equilibrium concentration exit gas, kx i 

Minimum quantity of gas not absorbed, G 2 kxi 

Quantity of gas in inlet stream, Giyi 

Maximum possible fraction absorbed, 1 — 

Fraction actually absorbed, E 

The use of the methods outlined above is illustrated by Example 
L-l which follows. 

Example L-l. Make a preliminary process design for an absorber to be 
used (in conjunction with a stripper, and auxiliary equipment) for recovering 
a crude ethane from a by-product gas. 

Data: 

1. Gas available, 250,000 SCF/hr 

2. Gas composition, 


H 2 . 70 mole % 

CH 4 . 16 mole % 

C 2 H 8 . 12 mole % 

CaHa. 2 mole % 


3. Absorption oil, 

specific gravity 60/60°F = 0.825 (40° A.P.I.) 
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Approximate molecular weight, 200 

4. Ethane recovery desired, 95%. 

5. Cooling water available at 75°F. 

Tbial Assumptions: 

1 . Operating pressure, 400 psia. 

2. Inlet gas and oil temperatures, 85°F. 

3. Exit temperature of oil, 90°F. 

4. Dissolved gas in oil returned from stripper, 


CH 4 . 0.00 mole % 

C 2 H 4 . 0.10 mole % 

C 3 H 8 . 0.20 mole % 


5. Absorption of hydrogen is negligible. 

6. Design for 10 theoretical plates based on base conditions. 

7. Equilibrium constant data published by Brown (“ Natural Gasoline 
Supply Men’s Association Technical Manual,” 4th ed., 1942. These data 
differ somewhat from data given in Fig. L-5 which was published after prep¬ 
aration of this example. Since this material is for illustration only, revision 
was not warranted.) 

Calculations: Basis 1 hr. 

250 000 

1. Gas charged, “gyg— = 660 lb moles. Contains, 

Hydrogen: 660 X 0.70 = 462 lb moles 

Methane: 660 X 0.16 = 105.6 lb moles 

Ethane: 660 X 0.12 = 79.2 lb moles 

Propane: 660 X 0.02 = 13.2 lb moles 

2. Limiting recovery for gas in equilibrium with oil, 

Ethane: k = - = 1.46 

x 

x = 0.001 (inlet oil) 
y* = kx = 0.00146 
Propane: k = 0.47 

x = 0.002 

y* = 0.002 X 0.47 = 0.0009 

Methane: k = 9.4but insufficient oil will be circulated for complete absorption. 
1.46 

Assume: 100 X X 1.2 = 19% absorption. 

Residue gas (for equilibrium), 


H 2 :.. 462 lb moles 

CH 4 : (1 - 0.19) X 105.6 =. 85.5 

,547.5 
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C ’ H ‘ : 1 - 0.00146 4 -a00 09 X 547 5 = 0-80 lb mo,es 
C 3 H 8 : i _ 0.00146 - 0.0009 X 547-5 = 0-48 lb moles 

Fractional limiting recoveries, 


C 2 H 6 : 


79.2 - 0.80 
79.2 


C 3 H 8 : 


13.2 - 0.48 
13.2 


0.990 

0.964 


3. Design based on conditions at gas inlet, 


Absorption efficiency required for 95 % absorption of ethane, E = g^g = 0.96. 

From Fig. L-l, E = 0.96; n = 10; A = 1.18 = or L = 1.18 kG. 

At assumed temperature of base = 90°F, k = 1.51. 

Total liquid rate, L = 1.18 X 1.51 X 660 = 1,178 lb moles 
Absorption factors for propane, 

k = 0.50 

A - M78 _ 

0.5 X 660 " d 

E is nearly 1 . 

Fraction propane absorbed = 1 X 0.964 = 0.964. 

Absorption factor for methane, 

k = 9.5 

1 178 

A = 95 ^ 00 Q = 0.188 = fraction absorbed 


4. Quantities absorbed, 


H 2 = none 

CH 4 == 0.188 X 105.6. 19.9 lb moles 

C 2 H 6 = 0.95 X 79.2. 75.2 

C 3 H 8 = 0.964 X 13.2. 12.7 

Total. 107.8 lb moles 


5. Inlet oil = 1,178 - 108 = 1,070 lb moles, 

214,000 lb 

31,100 gal (520 gpm) 
124 gal/1,000 SCF 


1,070 X 200 = 
214,000 

0.825 X 8.33 " 
31,100 
250 ~ 
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6 . Temperature at base of column, 

Heats of solution based on Table L-l 7. 

CH 4 = small, neglect 

C 2 H 6 = 75.2 X 5,500 = 420,000 Btu (rounded values) 

C 3 H 8 = 12.7 X 6,500 = 80,000 Btu 
Total. 500,000 Btu 

Specific heat of oil from Table E-6 = 0.467 Btu/(lb)(°F). 

Temperature rise, q^x’T^OOO = 5°F 

Temperature, 85 + 5 = 90°F. This checks the temperature used. 

7. Design based on conditions at top of column, 

Liquid charged = 1,070 lb moles. 

Gas leaving = 660 — 98 = 562 lb moles 

Equilibrium constant 85°F, 400 psig for C 2 H 6 , k — 1.46. 

Absorption factor for ethane, 

A _ A _ 1070 _ 

A ~ kG~ 1.46 X 562 “ 

From Figure L-l, 10 trays: E = 0.97 

This indicates that 10 theoretical plates would actually give somewhat better 
than the absorption efficiency of 0.96 required. 

8. Corrected number of theoretical plates, 

A e = y/A B (A T + 1) + 0.25 - 0.50 [Eq. (L-2)] 

= VL18 X 2.30 + 0.25 - 0.50 = 1.23 


For absorption efficiency = 0.96 and Ae — 1.23, eight theoretical plates are 
indicated by Fig. L-l. 

Discussion: These calculations show that a circulation of 520 gpm of 
lean oil and eight theoretical plates comprise a satisfactory process, design. 
Calculations for more or less theoretical plates and different pressures are 
required before the best process design could be stated. Such factors are, 
however, seldom very critical; that is, small changes do not affect costs 
greatly. For preliminary considerations, less detailed calculations may be 
employed. The best short cuts vary with circumstances and cannot be 
recommended in advance. The reader can readily see that many of the 
corrections made could have been omitted without undue loss of accuracy. 
Trial assumption 4 would constitute the basis for stripper design. 
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b. McCabe-Thiele Method 1 for Estimating Theoretical Plates.— 

This graphical method is exact for the absorption of a single com¬ 
ponent. To apply this method, the concentrations are usually 
expressed as mole ratios, i.e., moles of component being absorbed to 
moles of inert gases, and moles dissolved per mole of pure solvent. 
Weight ratios may also be employed, but percentages cannot be used 
directly. Two lines are plotted on plain coordinate paper. The 
equilibrium line is merely a plot of the equilibrium concentration in 



Fig. L-2.— McCabe-Thiele chart for absorption of pentane by oil. ( Nelson, 11 Petroleum 
Refinery Engineering 2 d ed., McGraw-Hill Book Company, Inc., New York, 1941.) 


the gas phase plotted against the concentration in the liquid phase at 
the temperatures prevailing in the column. (If the heat of solution is 
appreciable, the temperatures must be obtained by heat balances.) 

The operating line is a straight line connecting the two points repre¬ 
senting the actual operating conditions at the top and the bottom of 
the column, respectively. The top point is the concentration of liquid 
entering plotted against the concentration of the gas leaving. The 
bottom point is the concentration of liquid leaving the base against the 
gas entering. 

The condition that the proposed operation may be performed, is 
that the operating line be everywhere above the equilibrium line (gas 


1 McCabe-Thiele, Ind. Eng. Chem ., 17, 605 (1925). 
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concentration plotted upward; liquid, across paper). If this condition 
is fulfilled, the number of theoretical plates may be stepped off by 
drawing alternate vertical and horizontal lines between the operating 
and the equilibrium lines. The number of steps is the number of 
theoretical plates required. The method is illustrated by Fig. L-2. 

In applying the McCabe-Thiele method, it is frequently found that 
the steps become very small at one end of the figure. This difficulty 
may be handled by constructing an enlarged chart of the troublesome 
end and treating it separately. 

c. Calculation of Transfer Units.—The paper of Colburn 1 gives 
an equation for computing transfer units. His method involves the 
computation of “the slope of the equilibrium line, ,, dy/dx. If this is 
constant, it becomes the vaporization constant and his equation may 
be reduced to 


(L-3) 

where n T = number of transfer units required (based on gas) 

A = absorption factor (see Table L-l) 

E = absorption efficiency 

When A = 1, this equation reduces to 

E r, n T /T 

Mr = r^E or E = TTVr {LA) 

This equation is valid when A is the same throughout the column. 
It will be noted that when A = 1, the number of theoretical plates 
and the number of transfer units are identical. For most conditions of 
industrial importance the number of transfer units is not greatly 
different from the number of theoretical plates required. For large 
values of A this is not true. 

d. Other Methods for Computing Theoretical Plates. —A number 
of methods are described in the standard texts. The only procedure 
that is universally applicable with high accuracy is plate-by-plate 
iteration. The gas and liquid leaving each plate are assumed to be at 
equilibrium. The quantities leaving are obtained from a material 
balance and the plate temperature by a heat balance. Because this 
must be done at each plate, the computations frequently become 
tedious. Reference to standard texts should be made for details of 
these methods. 


1 Ind. Eng . Chem. t 33, 459 (1941). 
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2. Stripping Gases or Vapors from Liquids 

a. Stripping with Inert Gas or Vapor.—In a stripper the gas or 
vapor stream flowing upward through the column picks up dissolved 
gases or volatile components. Thus it will be seen that the roles of 
gas and liquid are exactly reversed from the corresponding roles in an 
absorber. It should be expected, then, that the same laws should 
govern the two processes, provided the laws are restated in accordance 
with this reversal. Thus Eq. (L-l) becomes 


_ X x - X 2 8 - 1 

~ X x - X* S n+1 - 1 


(L-5) 


where E = stripping efficiency 

Xi == moles dissolved gas per mole of pure solvent in inlet liquid 
stream 

X 2 = same mole ratio in outlet liquid 

X * = mole ratio required for equilibrium with inlet gas stream 
S = stripping factor (the reciprocal of the absorption factor) 
(see Table L-l) 

n = number of theoretical plates 
Similarly, Eq. (L-3) becomes 

»r = 2.3 log (L-6) 


where n T — number of transfer units required 
S = stripping factor (see Table L-l) 

E = absorption efficiency 

The Edmister equation for correction of the stripping factor is 


Se = VMS's + 1) + 0.25 - 0.50 (L-7) 


where S E = effective stripping factor for use in Eq. (L-5) 

St = stripping factor at top of column 
S B = stripping factor at base of column 
The McCabe-Thiele method is applied in exactly the same manner 
as for absorption. The condition that the operation is a possible one 
is, however, just reversed: the operating line must be everywhere below 
the equilibrium line. This method is illustrated by Fig. L-3. 

b. Other Factors. —The stripper is usually operated at a higher 
temperature than the absorber, and frequently at a different pressure. 
A certain amount of dissolved gas contained in the solvent from the 
stripper may well be displaced by the increased temperature or from 
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reduced pressure. Any dissolved gas so “flashed” off is already 
stripped and should not be included in the liquid feed. In this case, 
the simplest procedure is to assume that the liquid charged is at 
equilibrium with gases flashed off and to compute its composition on 
this basis. (Actually the liquid may contain a greater amount of 
dissolved gas, i.e., be supersaturated, but an additional allowance of 
one theoretical plate is ordinarily ample to cover this lack of 
equilibrium.) 



A 002 Q04 Q06 008 010 012 QI4 QI6 018 

x? x-Mols of Pentane per Mol of Oil x£ 


Fig. L-3. —McCabe-Thiele diagram for stripping pentane irom oil. ( Nelson , “Petroleum 
Refinery Engineering2d ed., McGraw-Hill Book Company , Inc., New York , 1941.) 

Because of the higher temperatures of stripper operation, the 
solvent vapor pressure may be appreciable, and the vapors may have 
to be condensed. The return of condensate to the top, of course, 
increases the load on the stripper. Oil refineries frequently use 
relatively low boiling oil and strip with steam. To condense the oil 
vapors, steam must also be condensed and the water separated. 

c. Stripping of Volatile Solvent with Its Own Vapor. —If a volatile 
solvent is used, the stripping is usually effected by the solvent vapor so 
that the stripper becomes, in effect, a distillation column and may be 
treated in the same fashion. The stripping section is identical. The 
reflux or dephlegmating section is of less importance than the enrich- 
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ment section of the conventional still and may be reduced to a back¬ 
ward return condenser, or to an outside condenser and pump returning 
the condensate. 

3. Distillation 

a. Preliminary Considerations. —A liquid mixture may usually be 
separated into its pure components by fractional distillation, provided 
the boiling points of these components differ. Some liquid mixtures, 
however, form azeotropic or constant boiling mixtures with boiling 
points either above or below that of either of the pure components. 
These constant boiling mixtures behave in distillations as if they were 
pure components and may not be further separated by distillation 
under the same conditions. Distillation under vacuum or high 
pressure may be effective, or the addition of a third substance may 
permit separation (azeotropic distillation). The composition and 
boiling point of some of the more important constant-boiling mixtures 
are given in Table L-2 later in the chapter. 

In the case of partly miscible liquids, two-phase constant-boiling 
mixtures are always obtained as the condensed overhead product of 
simple distillation. Although such mixtures can nearly always be 
separated by a combination of decantation and distillation, two 
columns are usually required for perfect separation. 

Distillation may be conducted either as a batch or as a continuous 
process. Though batch distillation is advantageous for handling 
separation of small quantities of material, the continuous column dis¬ 
tillation is more efficient and almost universally employed in the 
production of tonnage products. Consequently continuous distilla¬ 
tion will alone be considered in this chapter. 

A partial separation of liquids may be obtained by merely boiling 
and condensing the enriched vapors. For effective separation it is 
necessary to add a column and reflux to conduct a fractional distilla¬ 
tion. For any given separation there is a minimum reflux which 
must be employed. The exact value of this minimum is, however, of 
little consequence, since in practice a larger reflux should be employed 
to keep the column height reasonable. The optimum reflux may be 
found by a balance of column height against column diameter and 
steam requirements. 

A distillation column performs two functions. The stripping 
section below the feed plate must remove the volatile material from the 
bottom product, and the enrichment section above the feed plate must 
produce a volatile product of satisfactory purity. The requirements 
of the two sections may vary considerably. In particular, for a dilute 
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feed, the steam required for stripping may be in considerable excess of 
that needed to supply the reflux for the enrichment section. In this 
case it is occasionally found advantageous to divide the operation into 
two columns, as is often done in the alcohol industry. The beer still, 
which is short and fat, strips the alcohol vapors from the slop, and the 
slightly enriched vapors are fed to the second column which produces 
the high-proof alcohol. 

A recommended procedure for process design is as follows: 

1. By the McCabe-Thiele or other method compute the reflux ratio 
required to give a reasonable number of theoretical plates. 

2. Compute the steam and cooling water requirements. 

3. Size the column. 

4. Judge by results whether a different reflux ratio should be 
employed. 

b. McCabe-Thiele Method for Computing Theoretical Plates.— 

This graphical method, though not exact, yields moderately accurate 
results from simple calculations. If the number of moles of vapor 
flowing up the column is everywhere the same, the method becomes 
exact. When the molal heat of vaporization of the low-boiling com¬ 
ponent is only slightly less than that of the higher boiling component, 
this condition is approximated. If the heats of vaporization differ 
greatly (such as in acetone-water mixtures), the method will not give 
entirely accurate results. 

To use this method, the mole fraction, y, of the volatile component 
in the vapor is plotted against the mole fraction, x, of the same com¬ 
ponent in the liquid phase. Three lines are constructed. The equi¬ 
librium line is a plot of the equilibrium data. There are two operating 
lines: the enrichment line for the section above the feed plate and the 
exhausting or stripping line for the feed plate and below. The enrich¬ 
ment line represents the composition of the vapor leaving and the liquid 
entering . The stripping line represents the vapor entering and the 
liquid leaving. To construct these lines it is necessary to assume a 
reflux. It is frequently convenient to express the amount of reflux as 
the reflux ratio: moles of liquid condensate returned to moles of 
product withdrawn. This is the usual way of expressing reflux ratio. 
A more significant (though seldom used) expression is the ratio of 
moles reflux to moles of feed. When expressed in this fashion, the 
optimum reflux is more nearly independent of feed composition. If a 
very low reflux ratio is chosen, the operating lines may cut the equi¬ 
librium line. Such a condition indicates that a larger reflux ratio must 
be employed in order to accomplish the desired result. Often several 
reflux ratios must be tried to secure a balance between column height 
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and amount of boiling required. This method is illustrated by 
Example L-2 and Fig. L-4. 


Example L-2. It is desired to distill 100 moles/hr of an ethyl alcohol- 
n-butyl alcohol mixture containing 40 mole per cent ethyl alcohol. 99 mole 
per cent ethyl alcohol and 98 mole per cent n-butyl alcohol are required. For 
first calculation assume a reflux ratio (reflux to product) of 1.50. 

Solution: This problem is solved in Fig. L-4 constructed as follows: 

1. Equilibrium line drawn from data presented in Table L-8. 

2. Enrichment line AB. Point A represents the composition of liquid 
entering vs. vapor leaving, i.e., x = y = 0.99, the composition of the product. 

Point B; x = 0, y = ^ = 0.396 

where x p = mole fraction of product = 0.99 
R = reflux ratio = 1.5 


^As constructed, the slope of the line is 


1 

R + 1 


) 
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3. Stripping line CD. Point C represents the mole fraction of vapor 
entering vs. the liquid leaving. It is customary to take these both as the 
composition of the bottom product, i.e., x = y = 0.02. D is the joint inter¬ 
section of the two lines at x = 0.40, the feed composition. 

4. Number of theoretical plates. Beginning with point A, the number of 
theoretical plates is stepped off by alternate horizontal and vertical lines. 
7.7 theoretical plates are required, 3.3 above the feed plate and 4.4 below. 
This calculation tacitly assumes that the feed is preheated to its bubble point 
(initial boiling point) and that there are no control fluctuations. To allow 
for these factors, more theoretical trays should be allowed, say 4 above feed 
plate and 6 below, making a total of 10. If a 40 per cent plate efficiency is 
assumed, 25 actual plates will be required. 

c. Other Methods. —As in the case of absorption and stripping, a 
plate-by-plate iteration (with material and heat balances at each plate) 
is the only precise manner of treating all cases, particularly for multi- 
component distillations. 

Lindsay and Baker 1 describe a modification of the McCabe-Thiele 
method which takes the difference between latent heats into account 
and is, therefore, capable of high accuracy. Smoker 2 gives an accurate 
algebraic method which unfortunately is rather cumbersome. Thomp¬ 
son and Beatty 3 and Colburn 4 give simplified algebraic procedures 
applicable to many cases. Faasen 5 gives a graphical method for 
estimating reflux ratios and theoretical plates from only the relative 
volatility. The relative volatility is nearly constant for systems that 
obey Raoult’s law but may not be constant for other systems. 

d. Hdat and Cooling Requirements for Distillation. —These are 
computed by standard thermodynamic methods. Heat must be 
supplied to (1) heat the high-boiling constituent from the inlet tem¬ 
perature to the boiling temperature at the base of the column, (2) heat 
the volatile component from the feed temperature to its boiling point, 
(3) vaporize the volatile product and the reflux, and (4) supply the 
heat of solution, which is the net heat evolved when the two liquids 
are mixed without vaporization. Because the heat required depends 
on the temperature of the feed, it is frequently desirable to preheat the 
feed. This may conveniently be done by heat exchange between the 
feed and the hot liquid leaving the base, the steam condensate, or even 
the condensed product. Estimation of steam and cooling water 
demands is illustrated by Example L-3. 

1 Ind. Eng. Chem., 36, 418 (1943); cf. Peters, Ind. Eng. Chem., 14, 476 (1922). 

2 Trans. Am. Inst. Chem. Engrs., 34, 165 583 (1938). 

3 Ind. Eng. Chem., 34, 1124 (1942). 

4 Ind. Eng. Chem., 33, 459 (1941). 

1 Ind. Eng. Chem., 36, 248 (1944). 
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Example L-3. It is desired to find the steam and water requirements for 
the distillation discussed in Example L-2, i.e., the separation of 100 moles/hr 
of an n-butyl alcohol-ethyl alcohol solution containing 40 mole per cent of 
ethyl alcohol using a 1.5 reflux ratio. For this calculation the separation may 
be assumed a perfect one. 

Solution: 

1. Quantities involved, 

Molecular weights: 

n-Butyl alcohol = 74 
Ethyl alcohol = 46 

n-Butyl alcohol: 60 X 74 = 4,440 lb/hr 
Ethyl alcohol: 40 X 46 = 1,840 lb/hr 

2. Temperature at top of column is 175°F (boiling point of 99 mole per 
cent ethyl alcohol from Table L-8). 

3. Temperature at base, 

Allow 1.6 in. of water drop per plate, or 40 in. total. 

Pressure = 14.7 + 40 ' = *6.4 P* 31 

Temperature of boiling n-butyl alcohol = 250°F (from Fig. E-17) 

4. Approximate average column temperature is 201°F, at feed plate 
(boiling point of 40 mole per cent ethyl alcohol at 1 atm from Table L-8). 

5. Temperature of feed, assume 185°F, this assumption to be justified 
later by calculation 12. 

6. Sensible heat supplied to 7i-butyl alcohol, 185 to 250°F, at 212°F the 

specific heat is 0.78 Btu/(lb)(°F) (from Fig. E-15) v 

A h = 4,440 X 0.78(250 - 185) = 225,000 Btu/hr 

7. Sensible heat supplied to ethyl alcohol, 185 to 175°F (a drop in tem¬ 
perature), 

Specific heat at 180°F is 0.78 Btu/(lb)(°F)(from Fig. E-15) 

Ah = 1,840 X 0.78(175 - 185) = -14,000 Btu/hr 
Heat of vaporization of ethyl alcohol, 

26.2 Btu/(lb mole) (°R) (from Fig. E-19) 

X (1 + 1.5) X 26.2 X (175 + 460) 

= 1,664,000 Btu/hr (1.5 = reflux ratio) 

Heat of solution, neglect as deviation from Raoult’s law is small. 

10. Total heat supplied, 

225,000 - 14,000 + 1,664,000 = 1,875,000 Btu/hr 

This is exclusive of heat losses. Making an arbitrary allowance of 5 per cent 
for these, the total becomes 1,970,000 Btu/hr. 


8 . 

AH _ 
T ~ 

AH = 


9. 
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11. Steam required, 

Assume steam supplied to the vaporizer at 25 psig. 

Temperature = 267°F, latent heat = 934 Btu/lb (Table E-14) 


Steam = 


1,970,000 

934 


2,110 lb/hr 


12. Heat exchange, 

Assume preheat is supplied to feed by exchange with the n-butyl alcohol 
product. Heat supplied to heat feed from 80 to 185°F, 

Ah = 4,440 X 0.66 X (185 - 80) + 1,840 X 0.69 X (185 - 80) 

= 308,000 + 133,000 = 441,000 Btu/hr 


Heat supplied by n-butyl alcohol, 

-Ah = 4,440 X 0.66 = 2,930 Btu/ °F, temp, drop 
Temperature drop to supply needed heat, 


A , 441,000 
^ “ 2,930 


= 150°F 


Temperature of product leaving exchanger = 250 — 150 = 100°F. 

(This makes a temperature difference of 20°F at the cold end of the exchanger.) 

13. Cooling requirements, 

Condenser removes 1,664,000 Btu/hr (calculation 8). 

Product cooler cools alcohol from 175 to 90°F, 


—Ah = 1,840 X 0.69 X (175 - 90) = 107,000 Btu/hr 


Total heat removed, 

1,664,000 -b 107,000 = 1,771,000 Btu/hr 


The quantity of water required will depend on the temperature rise which 
depends on cooling water vs. exchanger costs at plant site. Taking a 40°F 
rise the water required is 


1,771,000 
40 X 500 


= 886 gpm 


Discussion: 2,110 lb/hr of steam are required for the particular process 
design assumed. It would be desirable to repeat the calculation for different 
reflux ratios before adopting the final process design—comparing the resulting 
sizes of the column and exchanger, and the utility requirements. Also the 
heat loss should be estimated more explicitly. 

To check on the accuracy of the calculation made in this example, the 
number of moles of vapor at the base may be computed. The heat of vapori¬ 
zation of n-butyl alcohol at 250°F is 25.3 X (250 + 460) = 18,000 Btu/lb 
mole; making the quantity vaporized = 1,970,000/18,000 = 109 mole/hr. 
This is only slightly more than the 100 moles vapor/hr at the top of the column. 
Thus, the condition of a constant molar vapor stream required for accuracy of 
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the McCabe-Thiele method is nearly fulfilled. Further, since the error is in 
the direction of fewer theoretical plates, the calculation is conservative. 


4. Equilibrium Data 

a. Basic Laws of Solution.—A perfect solution is defined as one 
having the following three properties: (1) its volume is equal to the 
sum of the volumes of the constituents before mixing; (2) there is no 
heat liberated or absorbed on mixing the component liquids in any 
proportion; and (3) the mixture obeys Raoult’s law, which is given 
below. 

Pi = Pi* 1 , P 2 = p 2 x 2) etc. (L-8) 


where pi, p 2 = partial pressure of components 1, 2 = py i, py 2 
p = total pressure, any units 
P°i> p\ = vapor pressure of components 1, 2, in pure state 
Xi, x 2 = mole fraction of components 1, 2, in liquid 
y i, y 2 = mole fraction of components 1, 2, in vapor 
If this law is obeyed, the other requirements of a perfect solution are 
almost invariably fulfilled and all the thermodynamic properties may 
be computed from those of pure constituents. 

The use of Raoult’s law in absorption and stripping calculations has 
already been mentioned (see Table L-l). It may, moreover, be used to 
compute a vapor-liquid equilibrium diagram from the vapor pressure 
of the two components. To do this, choose a temperature inter¬ 
mediate between the two liquids and secure pj and p£, the vapor 
pressures of the component liquids. 


but 

or 

and 

and 


Pi = p\xi 

Pi = p\Xi 


P\ + Pi = 
p = 


X\ = 


y i = 


p and 

p\xi + p§( 1 

P ~ Pa 
Pi ~ vl 

PlXl 

P 


Xi = 1 — X\ 
— Xi) 


(L-9) 

(L-10) 


These quantities are defined as for Eq. (L-8). 

Raoult’s law usually applies to mixtures of very similar compounds 
such as benzene-toluene, pentane-hexane, ethyl alcohol-propyl alcohol 
mixtures. (However, it may fail for even these at high pressures and 
temperatures.) 
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Another law applicable when Raoult’s law is inaccurate is Henry’s 
law. 

P 2 = Hx 2 (L-ll) 

where p 2 = partial pressure of component 2 
X 2 = mole fraction of component 2 
H = Henry’s law constant, same units as p 2 
This usually applies only to comparatively dilute solutions unless 
Raoult’s law is obeyed, when H becomes the vapor pressure of the 
pure component. Henry’s law is frequently stated differently from 
the above. The Ostwald and Bunsen coefficients are proportionality 
constants between the concentration and the pressure, but the con¬ 
centration is expressed as a volume ratio instead of as mole per cent. 
These coefficients are, roughly, proportional to the reciprocal of 
Henry’s-law constant defined above. 

Frequently, equilibrium data for hydrocarbons are given as the 
vaporization constant: 



where ki = vaporization constant for component 1 at specified tem¬ 
perature and total pressure 

2 /i, xi = mole fraction of component 1 at equilibrium for gas, liquid 
This method of correlating data assumes that Henry’s law is valid at 
any given temperature and total pressure. There are, of course, 
many other laws governing solutions to be found in modern treatises 
on physical chemistry. 

b. Experimental Data. —For a limited number of systems these are 
given in the following pages. The data covered are listed below: 


Vaporization constants of hydrocarbons. Fig. L-5 

Data on constant boiling mixtures. Table L-2 

Vapor—liquid boiling-point data: 

Acetic acid-water. Table L-3 

Acetone-water. Table L-4 

Acetone-methyl alcohol. Table L-5 

Acetone-ethyl alcohol. Table L-6 

Ethylene dichloride-toluene. Table L-7 

Ethyl alcohol-n-butyl alcohol (cf. Fig. L-4) Table L-8 

Benzene-ethyl alcohol. Table L-9 

Ethyl alcohol—water. Tables L-10 and L-ll 

Ethyl acetate-ethyl alcohol. Table L-12 

Isopropyl alcohol-water. Table L-13 

Vapor pressures of ammonia solutions. Tables L-14 and L-15 

Solubility of gases in water .Table L-16 
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Table L-2.— Composition and Boiling Points of Some Constant Boiling 
Mixtures at Atmospheric Pressure 
(Based on data from “International Critical Tables”) 


System 

Mole % 
of A 

Temp., 

°F 

Maximum 

or 

minimum 

Component A 

Component B 

Acetone. 

Methyl acetate 

61 

133 

Minimum 

Acetic acid. 

Benzene 

2.5 

176 

Minimum 


Toluene 

62.7 

222 

Minimum 

n-Butyl alcohol. 

Toluene 

37 

222 

Minimum 

Carbon tetrachloride. 

Ethyl alcohol 

61.3 

149 

Minimum 


n-Propyl alcohol 

75.0 

163 

Minimum 


Ethyl acetate 

43.0 

167 

Minimum 


Methyl alcohol 

44.5 

132 

Minimum 

Carbon disulphide. 

Acetone 

61.0 

102 

Minimum 


Ethyl alcohol 

86.0 

108 

Minimum 


Methyl acetate 

69.5 

104 

Minimum 


Methyl alcohol 

72.0 

100 

Minimum 

Chloroform. 

Acetone 

65.5 

148 

Maximum 


Ethyl alcohol 

84 

139 

Minimum 


Isopropyl alcohol 

92 

141 

Minimum 

Ethyl alcohol. 

Benzene 

44.8 

155 

Minimum 


Ethyl acetate ! 

46 

161 

Minimum 


Toluene 

81 

170 

Minimum 

Isopropyl alcohol. 

Benzene 

39.3 

162 

Minimum 


Ethyl acetate 

30.5 

167 

Minimum 


Toluene 

77 

177 

Minimum 

Methyl alcohol. 

Acetone 

20 

132 

Minimum 


Benzene 

61.4 

137 

Minimum 


Ethyl bromide 

14 

95 

Minimum 


Ethyl chloride 

62 

139 

Minimum 


Ethyl acetate 

91.7 

144 j 

Minimum 


Methyl acetate 

35 

129 

Minimum 

Water. 

Ethyl alcohol 

10.57 

173 

Minimum 


Formic acid 

43 3 

225 

Maximum 


Hydrobromic acid 

83.1 

258 

Maximum 


Hydrochloric acid 

88 9 

230 

Maximum 


Hydrofluoric acid 

65.4 

248 

Maximum 


Isopropyl alcohol 

31.46 

176 

Minimum 


Nitric acid* 

62.2* 

249* 

Maximum 


l 


* At 14.23 psia pressure. 
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Table L-3.— Vapor-liquid Equilibria, Acetic Acid—Water System at 1 atm 
[York and Holmes, Ind. Eng. Chern., 34, 348 (1942). By permission of the Am eri¬ 
can Chemical Society] 


Boiling 
temp., °C 

°F 

Water in liquid 

Water in vapor 

Weight % 

Mole % 

Weight % 

Mole % 

113.7 

236.7 

2.7 

8.5 

5.2 

15.5 

108.7 

227.7 

9.8 

26.7 

16.5 

39.8 

105.7 

222.2 

18.0 

42.3 

26.4 

54.5 

104.2 

219.6 

27.5 

55.9 

37.6 

66.6 

102.5 

216.5 

36.8 

66.0 

49.2 

76.4 

101.8 

213.4 

48.5 

75.8 

60.0 

83.3 

102.2 

215.9 

58.6 

82.5 

68.5 

87.9 

100 8 

213.4 

66.7 

87.0 

75.9 

91.3 


Table L-4.— Vapor-liquid Equilibrium Data for the System Acetone-Water 

at 1 atm 

[Brunjes and Bogart, Ind. Eng. Chern., 35, 255 (1943). By permission of the 
American Chemical Society] 



Acetone in liquid 

Acetone in vapor 

iemp., r 

Weight % 

Mole % 

Weight % 

Mole % 

133.7 

99.50 

98.40 

99.65 

98.44 

133.9 

99.20 

97.47 

99.35 

97.93 

134 2 

98.85 

96.38 

99.10 

97. i5 

134.6 

98.00 

93.83 

98.60 

95.62 

135.9 

97.50 

92.37 

98.30 

94.72 

135.7 

96 70 

90.04 

97.90 

93.53 

135 9 

95.40 

86.55 

97.40 

92.08 

136.7 

93.65 

82.08 

96.80 

90.37 

136.9 

91.20 

76.29 

96.20 

88.71 

137.8 

89.50 

72.57 

95.90 

87.90 

137.9 

87.40 

68.29 

95.65 

87.23 

138.9 

84.20 

62.32 

95.20 

86.03 

139.8 

78.60 

52.28 

94.85 

85.12 

139 8 

77.00 

50.96 

94.90 

85.24 

140.5 

72.00 

44.39 

94.50 

84.21 

141.6 

58.20 

30.85 

94.00 

83.09 

144.9 

40.20 

17.27 

93.10 

80.73 

149.4 

29.75 

11.64 

91.85 

77.77 

161.8 

18.00 

6.38 

87.30 

68.09 

185.3 

6.80 

2.21 

72.40 

44.88 

197.6 

3.60 

| 1.15 

55.50 

27.91 
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Table L-5.— Vapor-liquid Equilibria for the System Acetone-Methyl 

Alcohol at 1 atm 

(Perry, “ Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, 

Inc., New York, 1941) 


Temp., 

°F 

Acetone in liquid, 
mole % 

Acetone in vapor, 
mole % 

148.1 

0 

0 

146.5 

5.0 

10.2 

144.5 

10.0 

18.6 

140.4 

20 0 

32.2 

137.6 

30.0 

42.8 

135.6 

40.0 

51.3 

134.0 

50.0 

58.6 

132.8 

60.0 

65.6 

131.5 

70.0 

72.5 

131.1 

80.0 

80.0 

133.0 

100.0 

100.0 


Table L-6.— Vapor-liquid Equilibria for the System Acetone-Ethyl 

Alcohol at 1 atm 

(Perry, “Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, 

Inc., New York, 1941) 


Temp., 

°F 

Acetone in liquid, 
mole % 

Acetone in vapor, 
mole % 

173.0 

0 

0 

167.7 

5.0 

15.5 

163.4 

10.0 

26.2 

159.8 

15.0 

34.8 

156.2 

20.0 

41.7 

153.1 

25.0 

47.8 

150.6 

30.0 

52.4 

148.6 

35.0 

56.6 

146.5 

40.0 

60.5 

143.3 

50.0 | 

67.4 

140.7 

60.0 I 

73.9 

138.4 

70.0 1 

80.2 

136.4 

80.0 

86.5 

134.6 

90.0 | 

92.9 

133.0 

100.0 

100.0 
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Table L-7.— Experimental Vapor-liquid Equilibrium Data for Ethtlene 
Dichloride-Toluene at 1 atm 

[Jones, Schoenborn, and Colburn, Ind. Eng . Chem.j 35, 666 (1943). By permission 
of the American Chemical Society] 


Temp., 

°F 

Mole fraction ethylene dichloride 

Liquid x 

Vapor y 

188.8 

0.812 

0.909 

190.1 

0.784 

0.893 

194.3 

0.700 

0.844 

197.9 

0.585 

0.765 

198.8 

0.568 

0.750 

204.6 

0.479 

0.674 

204.8 

0.446 

0.645 

206.3 

0.415 

0.614 

208.1 

0.375 

0.578 

210.7 

0.365 

0.565 

213.4 

0.252 

0.424 

215.6 

0.235 

0.401 

224,6 

0.100 

0.197 

226.1 

0.045 

0.095 


Table L-8.—Vapor-liquid Equilibrium Data for the System Ethyl 
Alcohol-r^Butyl Alcohol at 1 atm 

[Brunjes and Bogart, Ind. Eng. Chern ., 35, 255 (1943). By permission of the 
American Chemical Society] 


Temp., 

Ethyl alcohol in liquid 

Ethyl alcohol in vapor 

°F 

Weight % 

Mole % 

Weight % 

Mole % 

174.4 

90.3 

93.8 

99.6 

99.7 

176.5 

83.0 

88.7 

98.0 

98.7 

177.8 

77.2 

84.5 

1 96.9 

98.2 

183.0 

64.3 

74.3 

91.4 

94.6 

186.1 

55.5 

| 66.6 

88.6 ' 

92.7 

187.5 

48 4 

60.1 

84.9 

90.0 

190.9 

! 45.7 

57.4 

82.7 

88.5 

190.5 1 

43.7 1 

55.5 

82.1 

88.1 

195.0 

36.9 

48.8 

75.0 

82.8 

200.3 

31.7 j 

42.7 

69.3 

78.4 

205.6 

22.9 

32.3 

60.3 

70.8 

215.3 | 

17.3 1 

25.2 

48.1 

59.7 

222.5 

12.0 

17.8 

38.0 

49.6 

232.0 | 

7.3 

11.3 

22.3 j 

31.6 

237.9 

4.0 

6.2 

12.2 

18.1 
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Table L-9.—Vapob-liquid Equilibria for the System Benzene-Ethyl 
Alcohol at 1 atm 

(Perry, li Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, 

Inc., New York, 1941) 


Temp., 

°F 

Benzene in liquid, 
mole % 

Benzene in vapor, 
mole % 

172.6 

0 

0 

165.9 

6 

20 

162.3 

11 

30 

*158.2 

20 

40 

155.0 

39 

50 

154.2 

57 

56 

155.0 

72 

60 

159.4 

89 

70 

167.4 

96 

85 

175.5 

100 

100 


Table B-10.—Vapor-liquid Equilibria of System Ethyl Alcohol-Water 

under Pressure 

[Griswold, Haney, and Klein, Ind. Eng. Chem., 36, 701 (1943). By permission of 
the American Chemical Society] 


Temp., 

°F 

Mole % ethyl 
alcohol in liquid 

Mole % ethyl 
alcohol in vapor 

Pressure, 

psia 

302 

7.3 

33.4 

107 


13.8 

41.4 

119 


26.5 

48.7 

130 


51.4 

61.6 

145 


63.9 

69.5 

147 

392 

5.8 

24.7 

300 


11.4 

33.8 

331 


23.7 

43.3 

370 


49.7 

58.5 

415 


63.3 

68.1 

424 

482 

6.3 

19.2 

717 


11.1 

26.8 

766 


23.5 

37 3 

869 


50.7 

54.9 

977 


68.8 

69.6 

1,010 

527 

12.6 

24.5 

1,176 


26.0 

34.4 

1,341 


40.0 

42.5 

1,492 
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Table L-ll.—E xperimental Vapor-liquid Equilibrium Data for Ethtl 
Alcohol-Water at 1 atm 

[Jones, Schoenborn, and Colburn, Ind. Eng . CTiera., 3B, 666 (1943). By permission 
of the American Chemical Society] 


Temp., 

°F 

Mole fraction ethyl alcohol 

Liquid x 

Vapor y 

212.0 

0 

0 

203.9 

0.018 

0.179 

195.1 

0.054 

0.3375 

185.7 

0.124 

0.470 

182.5 

0.176 

0.514 

1 

181.0 

0.230 

0.542 

179.6 

0.288 

0.570 

177.8 

0.385 

0.612 

176.8 

0.440 

0.633 

175.7 

0.514 

0.657 

174.0 

0.673 

0.735 

172.9 

0.840 

0.850 

173.0 

1 i.o 

1.0 


Table L-12.— Vapor-liquid Equilibria for the System Ethyl Acetate-Ethyl 

Alcohol at 1 atm 

(Perry, “Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, 

Inc., New York, 1941) 


Temp., 

°F 

Ethyl acetate in liquid, 
mole % 

Ethyl acetate in vapor, 
mole % 

173.0 

0.0 

0.0 

169.9 

5.0 

10.2 

167.9 

10.0 

18.7 

165.0 

20.0 

30.5 

163.1 

30.0 

38.9 

161.8 

40.0 

45.7 

161.3 

50.0 

51.6 

161.3 

54.0 

54.0 

161.4 

60.0 

57.6 

162.0 

70.0 

64.4 

163.4 

80.0 

72.6 

166.5 

90.0 

83.7 

168.8 

95.0 

91.4 

170.8 

100 

100 
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Table L-13.— Vapor-liquid Equilibrium Data for the System Isopropyl 
Alcohol-Water at 1 atm 

[Brunjes and Bogart, Ind. Eng. Chem., 35, 255 (1943). By permission of the 
a American Chemical Society] 


Temp., 

°F 

Isopropyl alcohol in liquid 

Isopropyl alcohol in vapor 

Weight % 

Mole % 

Weight % 

Mole % 

178.2 

97.85 

93.19 

96.82 

90.11 

177.8 

97.29 

91.53 

96.07 

88.01 

177.4 

96.33 

88.72 

94.97 

85.00 

176.9 

95.05 

85.20 

93.54 

81.26 

176.5 

93.42 

81.00 

91.77 

76.98 

176.3 

91.77 

77.02 

90.47 

74.01 

176.1 

90.15 

73.33 

89.28 

71.42 

176.1 

88.48 

69.71 

88.27 

69.31 

176.0 

88.15 

69.05 

88.02 

68.79 

176.0 

87.90 

68.57 

87.74 

68.24 

176.1 

87.82 

68.38 

87.86 

68.46 

176.3 

87.70 

68.13 

87.70 

68.13 

176.1 

86.08 

64.96 

86.91 

66.59 

176.3 

82.39 

58.38 

85.34 

63.58 

176.7 

73.95 

45.97 

82.98 

59.39 

177.4 

62.30 

33.14 

81.27 

56.54 

178.0 

51.15 

23.87 

80.67 

55.59 

178.2 

45.24 

19.86 

79.93 

54.44 

178.4 

39.35 

16.29 

78.99 

52.98 

178.5 

31.90 

12.32 

79.50 

53.78 

180.9 

23.50 

8.43 

77.10 

50.24 

182.8 

14.59 

4.88 

74.42 

46.60 

192.3 

8.01 

2.54 

63.18 

33.99 

195.4 

6.50 

2.04 

57.96 

23.08 

199.7 

4.38 

1.36 

49.00 

22.44 

203.5 

2.72 

0.83 

36.55 

14.73 

210.0 

0.52 

0.16 

11.16 

3.64 
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Table L-14. —Total Vapor Pressures of Aqua Ammonia 
(Perry, “Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, 

Inc., New York, 1941) 

Psia 


Molal concentration of ammonia in the solutions in percentages 



0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

32 

0.09 

0.34 

0.60 

0.97 

1.58 

2.60 

4.20 

6.54 

9.93 

14.18 

19.40 

40 

0.12 

0.45 

0.77 

1.24 

2.01 

3.25 

5.21 

8.06 

12.05 

17.20 

23.39 

50 

0.18 

0.64 

1.05 

1.65 

2.67 

4.29 

6.75 

10.35 

15.34 

21.65 

29.26 

60 

0.26 

0.86 

1.42 

2.21 

3.51 

5.55 

8.65 

13.22 

19.30 

27.05 

36.26 

70 

0.36 

1.17 

1.84 

2.90 

4.56 

7.13 

11.01 

16.56 

24.05 

33.39 

44.42 

80 

0.51 

1.52 

2.43 

3.76 

5.85 

9.06 

13.86 

20.61 

29.69 

40.96 

54.08 

90 

0.70 

2.02 

3.15 

4.83 

7.43 

11.40 

17.23 

25.48 

36.34 

49.82 

65.32 

100 

0.95 

2.62 

4.05 

6.13 

9.34 

14.22 

21.32 

31.16 

44.12 

59.99 

78.30 

110 

1.27 

3.34 

5.14 

7.72 

11.64 

17.58 

26.07 

37.81 

53.16 

71.87 

93.19 

120 

1.69 

4.27 

6.46 

9.63 

14.42 

21.54 

31.69 

45.62 

63.59 

85.33 

110.20 

130 

2.22 

5.38 

8.07 

11.91 

17.67 

26.20 

38.25 

54.55 

75.55 

100.86 

129.50 

140 

2.89 

6.70 

9.98 

14.63 

21.49 

31.54 

45.73 

64.78 

89.19 

118.24 

151.30 

150 

3.72 

8.29 

12.23 

17.81 

26.00 

37.81 

54.43 

76.61 

104.65 

138.10 

1 5.40 

160 

4.74 

10.16 

14.92 

21.54 

31.16 

45.02 

64.25 

89.88 

122.10 

160.20 

202.70 

170 

5.99 

12.41 

18.01 

25.87 

37.11 

53.27 

75.55 

104.84 

141.75 

185.10 

233.20 

180 

7.51 

15.00 

21.65 

30.86 

44.02 

62.68 

88.17 

121.68 

163.70 

212.60 

267.00 

190 

9.34 

18.06 

25.87 

36.60 

51.81 

73.32 

102.56 

140.75 

188.10 

243.30 

304.30 

200 

11.53 

21.60 

30.72 

43.14 

60.62 

85.33 

118.68 

161.81 

215.20 

277.00 

345.50 

210 

14.12 

25.61 

36.26 

50.58 

70.72 

98.80 

136.42 

185.10 

245.10 

314.50 

390.70 

220 

17.19 

30.27 

42.47 

59.00 

81.91 

113.81 

156.41 

211.24 

278.20 

355.10 

439.60 

230 

20.78 

35.59 

49.60 

68.46 

94.43 

130.64 

178.28 

239.70 

314.50 

400.20 

493.40 

240 

24.97 

41.52 

57.65 

78.91 

108.60 

149.20 

202.74 

270.92 

354.10 

448.90 

552.30 

250 

29.83 

48.32 

66.67 

90.74 

124.08 

169.48 

229.62 

1 

305.60 

397.60 

502.40 
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Table L-15. —Partial Vapor Pressures of Water oyer Aqua Ammonia 
(Perry, tl Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, 
Inc., New York, 1941) 

Psia 


Molal concentration of ammonia in the solutions in percentages 


iemp.. 

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

32 

0.09 

0.084 

0.079 

0.074 

0.070 

0.065 

0.060 

0.056 

0.051 

0.047 

0.042 

40 

0.12 

0.115 

0.108 

0.101 

0.095 

0.089 

0.083 

0.076 

0.070 

0.064 

0.058 

50 

0.18 

0.17 

0.16 

0.15 

0.14 

0.13 

0.12 

0.11 

0.10 

0.094 

0.085 

60 

0.26 

0.24 

0.23 

0.21 

0.20 

0.19 

0.17 

0.16 

0.15 

0.13 

0.12 

70 

0.36 

0.34 

0.32 

0.30 

0.28 

0.26 

0.25 

0.23 

0.21 

0.19 

0.17 

80 

0.51 

0.48 

0.45 

0.42 

0.40 

0.37 

0.34 

0.32 

0.29 

0.27 

0.24 

90 

0.70 

0.66 

0.63 

0.58 

0.55 

0.51 

0.47 

0.44 

0.40 

0.37 

0.33 

100 

0.95 

0.90 

0.85 

0.79 

0.74 

0.69 

0.64 

0.59 

0.55 

0.50 

0.45 

110 

1.27 

1.20 

1.14 

1.07 

1.00 

0.93 

0.86 

0.80 

0.73 

0.67 

0.60 

120 

1.69 

1.60 

1.51 

1.42 

1.33 

1.24 

1.15 

1.06 

0.97 

0.89 

0.80 

130 

2.22 

2.10 

1.98 

1.86 

1.74 

1.62 

1.51 

1.39 

1.28 

1.17 

1.05 

140 

2.89 

2.73 

2.57 

2.42 

2.26 

2.11 

1.96 

1.81 

1.66 

1.52 

1.37 

150 

3.72 

3.51 

3.31 

3.11 

2.91 

2.72 

2.52 

2.33 

2.14 

1.95 

1.76 

160 

4.74 

4.48 

4.22 

3.97 

3.71 

3.46 

3.22 

2.97 

2.73 

2.49 

2.25 

170 

5.99 

5.66 

5.34 

5.02 

4.70 

4.38 

4.07 

3.75 

3.45 

3.15 

2.84 

180 

7.51 

7.10 

6.69 

6.30 

5.89 

5.49 

5.10 

4.71 

4.33 

3.94 

3.57 

190 

9.34 

8.83 

8.32 

7.82 

7.32 

6.83 

6.34 

5.86 

5.38 

4.91 

4.44 

200 

11.53 

10.90 

10.27 

9.65 

9.04 

8.43 

7.83 

7.23 

6.64 

6.06 

5.48 

210 

14.12 

13.35 

12.58 

11.82 

11.07 

10.32 

9.59 

8.86 

8.13 

7.42 

6.71 

220 

17.19 

16.25 

15.32 

14.39 

13.48 

12.57 

11.67 

10.78 

9.90 

9.03 

8.17 

230 

20.78 

19.64 

18.51 

17.40 

16.29 

15.19 

14.11 

13.03 

11.97 

10.91 

9.87 

240 

24.97 

23.60 

22.25 

20.91 

19.58 

18.26 

16.95 

15.66 

14.38 

13.12 

11.86 

250 

29.83 

28.20 

26.58 

25.00 

23.39 

21.82 

20.25 

18.71 

17.18 

15.67 
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Table L-16.—Solubility of Gases in Water 
(Abstracted from “Gas Engineers’ Handbook,” McGraw-Hill Book Company, T nc., 

New York, 1934) 

Basis: Standard cubic feet dissolved in 1 cu ft of water (corrected to 60°F) 
when saturated at a total pressure of 14.73 psi. 


Temperature, °F 



32 

50 

68 

86 

104 

122 

140 

176 

Hydrogen sulphide, H 2 S.. 

4.84 

3.52 

2.63 

2.04 

1.62 

1.29 

1.02 

0.514 

Sulphur dioxide, S0 2 . 


54.8 

37.5 

26.2 

18.5 

12.8 

9.43 

4.10 

Carbon dioxide, C0 2 . 

1.79 

1.24 

0.898 

0.672 

0.519 

0.405 

0.308 


Carbon monoxide, CO... 

0.037 

0.030 

0.023 

0.020 

0.018 

0.015 

0.013 

0.008 

Methane, CH 4 . 

0.058 

0.044 

0.034 

0.028 

0.023 

0.020 

0.017 

0.010 

Acetylene, C 2 H 2 . 

1.80 

1.35 

1.05 

0.85 





Ethylene, C 2 H 4 . 

0.235 

0.167 

0.125 

0.099 





Ethane, C 2 H 6 . 

0.103 

0.068 

0.048 

0.036 

0.028 

0.023 

0.018 

0.010 

Hydrogen, H 2 . 

0.023 

0.020 

0.019 

0.017 

0.016 

0.015 

0.014 

0.009 

Atmospheric nitrogen, N 2 . 

0.025 

0.019 

0.016 

0.014 

0.012 

0 010 

0.009 

0.006 

Oxygen, 0 2 . 

0.052 

0.040 

0.032 

0.027 

0.023 

0.020 

0.017 

0.010 


c. Heats of Solution. —The heat of solution of vapors is the sum 
of the heat of vaporization and the heat of mixing the two liquids at 
the temperature of interest. Frequently the latter may be neglected 
and the heat of vaporization alone used. Another rule for estimating 
the heat of solution is to employ the heat of vaporization at the satura¬ 
tion pressure corresponding to the total pressure at which the column 
is operating. This latter rule is applicable to gases above the critical 
pressure. Actually, neither rule is accurate for general application, 
and the true value frequently lies between the two. In some cases 
the heat of mixing of the liquids may be quite considerable and specific 
data must be consulted. 

Table L-17 gives approximate heats of solution of hydrocarbons in 
absorption oils; Table L-18 gives the heat of mixing of ammonia and 
water. 
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Table L-17.—Approximate Heats of Solution of Hydrocarbon Gases in 
200 Molecular Weight Oils 


No. carbon atoms 
in hydrocarbon 

Heat of solution, Btu/lb mole 

At 80°F 

At 250°F 

1 

1500 

-300 

2 

5500 

3500 

3 

6500 

5500 

4 

8500 

6500 

5 

10,000 

8000 

6 

12,500 

9500 


Table L-18.—Integral Heats of Solution of Liquid Ammonia in Water 
(Perry, ‘‘Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, 
Inc., New York, 1941) 


Per cent of 
ammonia 
by weight 

Btu/lb of 
mixture 

Btu/lb of 
ammonia 

0 

0 

358.0 

10 

34.4 

343.8 

20 

65.7 

328.5 

30 

92.5 

308.2 

40 

108.2 

270.0 

50 

109.4 

218.8 

60 

101.9 

169.7 

70 

84.8 

121.1 

80 

60.7 

75.8 

90 

31.9 

35.5 

100 

0 

0 


6. Sizing Tray Columns 

a. Capacities of Tray Columns.—The size of a tray column is 
determined by numerous constructional details as well as by the 
properties and flows of process materials handled. Accordingly, 
equipment manufacturers should be consulted for the final design. 
Figure L-6 permits the approximate determination of the diameter 
required. This relation is based on a consideration of entrainment 
between plates and gives the maximum permissible capacity. It is 
advisable to recommend lower values for operating conditions, say, 
50 to 75 per cent of the maximum for distillation, and 30 to 50 per cent 
for absorption columns under pressure. 
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Tray spacing is determined primarily by economic considerations 
but may be dictated by necessity for easy cleaning, or by the nee<* of 
minimizing heat leak of columns operated at very low or fairly high 
temperatures. 



Distance Between Plates in Inches 


Fig. L-6.— Maximum capacity of tray columns. ( From Souders and Brown, Ref. Nat. 
Gcl 80 . Mfr., February, 1934 .) 

The liquid rate must also be taken into account in tower design, as 
higher liquid rates require greater skirt clearance and increased down¬ 
spout area. Good, Hutchinson, and Rousseau 1 discuss the problem of 
liquid seals and skirt clearance. The downspouts may be sized by the 
Francis weir equation: 

v = OAlh* 

where v = cfm overflow 

l = perimeter of overflow pipe, in. 
h = height of crest permissible, in. 

The average width should be about three times the crest. 

1 Ind. Eng. Chem., 84 , 1445 (1942). 
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b. Number of Plates Required. —The over-all plate efficiency is the 
ratio of the number of theoretical plates to the number of plates 
actually required. If this plate efficiency is known and the number of 
theoretical plates can be computed, the number required may readily 
be determined. Actual efficiencies vary from a few to over 100 per 
cent. Estimates of 50 per cent for distillation and 25 per cent for 
absorption are conservative for most operations. Plate efficiency 
depends on column design as well as on the properties and rates of 
flow of the gas and liquid steams. Consequently, no simple rule for 
accurate prediction of plate efficiency is available. It has recently 
been found that the liquid viscosity is the predominant factor and 
that the performance of nearly a hundred commercial distillation and 
absorption columns could be correlated by the liquid viscosity. 
Although the resulting curve is reproduced in Fig. L-7 and may be 
used for preliminary estimates, the other factors should be considered 
in the final design. It will be noticed from this figure that low effi¬ 
ciencies may be expected from conventional plate columns handling 



Liouid viscosity,centipoise 

Fig. L-7. — Over-all efficiencies of plate columns. [Drickamer and Bradford , Am. Inst. 
Chem. Engrs. 39 , 319 (1943).] 

viscous liquids. This suggests the desirability of special plate design 
or employment of other types of equipment, such as packed columns, 
for handling viscous liquids. 

6. Sizing of Packed Columns 

a. Data on Common Packing Materials. Tables L-19 and L-20 
give surface areas and other data on materials commonly used as 
filling in packed columns. 
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Table L-19. —Physical Data on Dumped Packings 


Material 

Dimen¬ 
sions, in. 

Bulk 
density, 
lb/cu ft, 
tower 
volume 

Surface 
area, 
sq ft/ 
cu ft, 
tower 
volume 

% free 
volume 

No. 
pieces 
per cu ft, 
tower 
volume 

Refer¬ 

ence 

Coke. 

3 

24 

12 

50 


1 

■ 

6 

10 

5.5 

57 


1 

Ceramic Raschig rings. 

KXM 

49 

132 

68 

11,000 

1 


1 X 1 

45 

58 

68 

1,330 

2 


IX x IX 


12 

76 


2a 


2X2 

35 

14 

73 

170 

1 

Metal Lessing rings... 

XXX 


130 

91 

9,000 

1 


1 X 1 


74 

93 

1,300 

1 


2X2 


37 

95 

160 

1 

Berl saddles. 

X 


97 

63 


2a 


1 


60 

71 


2a 


1 

42 

79 

69 

2,300 

2 


ix 


50 

70 


2a 


Table L-20.— Physical Data on Stacked Packings 


Material 

Dimen¬ 

sions, 

in. 

Bulk 
density, 
lb/cu ft, 
tower 
volume 

Surface 
area, 
sq ft/ 
cu ft, 
tower 
volume 

% 

free 

space 

% free 
trans¬ 
verse 

area 

No. 
pieces 
per cu ft 
tower 
volume 

Refer¬ 

ence 

Raschig rings. 

2X2 


32 




2a 


4X3 

52 

20 

64 

. . i 

38 

1 

Partition rings. 

3X3 

67 

41 

44 

42 

64 

2 

Single spiral rings... 

3X3 

53 

36 

64 

55 

64 

2 

Triple spiral rings... 

3X3 

60 

42 

57 

56 

64 

2 

Drip point grids 
(#6146, General 
Ceramic Co.). 


72 

18 


41 

9.2 

2 


1. Sherwood, “Absorption and Extraction,” McGraw-Hill Book Company 
Inc., New York, 1937. 

2. Molstad, Abbey,. Thompson, McKinney, Trans. Am. Inst. Chem. Engrs ., 
88,387 (1942). 

2a. Tillson, Trans. Am. Inst. Chem. Engrs., 38, 405 (1942). 
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0.2 


ii .2 


ai 


3”Spiral tile (staggered), Curved- 
Drip Grid Packings 

(No.6146 or 6295). Curve 6 

, II lli| ' 1 * 1 

Lb. liquid per 1b. of gas 


* Density of gas, Ib./cu.ft. 
F lii 


: 1/6 

I Pg . s - - 

- p L = Density of liquid, lb./cu.ft. 

“ jj - Viscosity of liquid, centipoise 

- M = Gas flow, standard cafh/mtn, 
-m = Liquid flow, Gal./min. 

p = Absolute pressure, Lb./sq.in. 

T = Absolute temperature, 0 R — 

5 * Specific gravity of gas, Air 
?Jl 1 £ Density of liquid, Lb./gal. 


aOl 0.02 


0.04 0.06 

G 


0.2 0.4 0.6 08 I 


4 6 8 10 


165 w 


0.1 

/h = 

Fig. L-8. —Load points for columns packed with dumped Raschig rings or with 
stacked packings. [Data of Tillson and of Molstad et. al., Trans. Am. Inst. Chem. Engrs. 
38 387 (1942).] 


PPq 

TS 



Viscosity of Flowing Liquid,Centipoise 
Note: These factors differ from those frequently quoted. 
They are best regarded os tentative 


Fig. L-10.— Viscosity correction factors for liquid 
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Fig. L-9.—Load points for columns packed with dumped Berl saddles. [Data of 
Tillson on Berl saddles reported by Molstad et. al., Trans. Am. Inst. Chem. Engrs. 38, 
387 (1942) .1 


■ 

Suggest for towers filled with: 

Raschig 

Rings 

Berl 

Saddles 

Stacked 

Packings 

i 

inch 



2 

linch 

\ inch 


3 


linch 

Spiral tile 

4 



Grids 


I* fl,« Irrigation rate at load Point. Where I,«load point 
irrigation based on l centipoise.See Fig lr$ andb? for 
numerical values 


flow at load and flood points of packed columns. 
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b. Capacity of Packed Columns. —Obviously a column cannot be 
operated if there is danger of liquid being carried over by the gas 
stream. This danger is present if a column operates at or above the 
flood point either as defined by the graphical method of White 1 or as 
visually observed. 2 White further defined a lower limit, the load 
point, occurring when a further increase of gas flow increases the 
pressure drop by more than the second power of the superficial gas 
velocity. (The superficial gas velocity is the average velocity the gas 
would have if flowing through the cross section of the empty tower.) 
It is believed that, at flows below the load point, the liquid holdup is 
relatively independent of gas flow, but that this holdup is increased 
rapidly by gas flows above the load point. Accordingly, he suggests 
the load point as the upper limit for operation even though higher 
flows may be mechanically stable. Consideration of (1) possible con¬ 
trol fluctuations, (2) possible future alteration of process design, 
(3) possible reduction in capacity because of settling and breakage of 
packing, and (4) difficulty of accurate prediction of load points under 
operating conditions, all suggest a more conservative capacity rating: 
say, 50 to 70 per cent of the load-point capacity. Colburn 3 suggests 
50 per cent of the flood-point flows as a desirable operating condition. 
The choice between the flood point and the load point for rating is a 
matter of taste. In many instances the choice will be dictated by the 
type of data available. 

Figures L-8 to L-10 (pages 410 and 411) permit the estimation of 
the load points for gases and nonfoaming liquids. These charts pre¬ 
sent the irrigation rate at the load point as a function of a term 
involving the liquid gas ratio, and the ratio of gas and liquid densities. 
With the exception of the viscosity term, the charts are a direct 
consequence of the correlation of Sherwood, Shipley, and Holloway. 4 
The viscosity correction factors given in Fig. L-10 are based on the 
findings of later experimenters. 6 

In using these charts, it should be borne in mind that they are most 
accurate for air-water systems and may suffer somewhat from imper¬ 
fections in the correlation for systems greatly different. The accuracy 
will, however, probably be within 20 per cent unless the process fluids 
are very unusual. Very low surface tension or fine suspended solids 
may possibly promote foaming and lower the tower capacity. 

1 White, Trans . Am. Inst. Chem. Engrs., 31, 390 (1935). 

* Sarchet, Trans. Am. Inst. Chem. Engrs., 38, 283 (1942). 

8 Colburn, Absorption of Gases by Liquids, Collected Papers on Teaching of 
Chemical Engineering, Trans. Am. Inst . Chem . Engrs., 1940, pp. 269-281. 

4 Ind. Eng. Chem. 30, 765 (1938). 

8 Bain and Hougen, Trans. Am. Inst. Chem. Engrs., 40,29 (1944). Schoenborn 
and Dougherty, Trans ,. Am. Inst. Chem. Engrs., 40, 51 (1944). 



ABSORPTION, STRIPPING, DLS77LLA TION 


413 


c. Distribution of Liquid. —The problem of distribution of liquid 
flow through dumped packings has been studied by several experi¬ 
menters, notably by Baker, Chilton, and Vernon 1 who conclude 
(1) that careful distribution of liquid at the top is essential, (2) that 
the ratio of tower diameter to packing size should be greater than 8:1, 
and (3) that, under these conditions, the liquid will not channel. 
Perhaps it is also well to give careful consideration to distribution of 
gas flow. It is believed that very low liquid rates should be avoided 
though little or no specific data are available on this point. Informal 
estimates run between 3 and 5 gpm/sq ft as the minimum irrigation 
for assured efficiency. Examples may be found in the literature of 
experimental columns operating with moderate efficiency at irrigations 
of 1 gpm/sq ft. 2 In the absence of specific data, these low rates should 
be used with caution. Probably liquid distribution is particularly 
important in this case, and operation near the load point may be 
desirable. Use of close-packed fillings such as the Stedman type 3 
might be helpful. 

d. Pressure Drop through Packed Columns. —The pressure drop 
in packed columns is very small, often smaller than the drop across the 
rest of the system. Table L-21 gives the range of pressure drops 
observed at the load point for several types of packing material. 


Table L-21.— Pressure Drops, Packed Columns at Load Point—Air Water 
[Molstad et aL, Trans. Am. Inst. Chem. Engrs., 38, 387 (1942)] 


Range of Pressure 
Drop, In. of 

Packing Liquid (Water)/Ft 

3^-in. Raschig rings. 1.1-1.5 

1- in. Raschig rings. 0.6-1.8 

1 J£-in. Raschig rings. 0.4-0.5 

2- in. Raschig rings. 0.4-0.9 

2-in. Raschig rings, stacked. 0.2-0.5 

J^-in. Berl saddles. 0.2-0.8 

1-in. Berl saddles. 0.7-1.2 

1 J^-in. Berl saddles. 0.5-0.6 

3 X 3-in. single spiral tile, stacked staggered. 0.3-0.6 


Drip-point grid #6146, General Ceramic Co., straight flues. 0.5-0.6 

If a more accurate estimate of the pressure drop is required, it may 
be obtained by the use of equations of the following type: 


Ap 


U n oP n/2 

(a - b \/Z) n 


(equation applies below load point) 


1 Trans. Am. Inst. Chem. Engrs., 31, 296 (1935). 

* White and Othmer, Trans. Am. Inst. Chem. Engrs., 38, 1067 (1942). Dwyer 
and Dodge, Ind. Eng. Chem., 33, 485 (1941). Duncan, Koffolt, and Withrow, 
Trans. Am. Inst. Chem. Engrs., 38, 259 (1942). 
a TT.S. Patent No. 2,047,444 (1936). 
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where A p = inches water head/ft of packed length 
Uo = superficial gas velocity, fpm 
L = irrigation rate, gpm/sq ft 
p = gas density, flowing conditions, lb/cu ft 
n = constant (1.8 to 2.0) 

a, b = constants (6 is somewhat dependent on viscosity) 
Below are equations of this type for four packings: 

1-in. Berl saddles: 

Ap=(-^Y, 

\!05 - 11 VLj 

lj^-in. Berl saddles: 

a p =(— y, 

\142 - 14 VZJ 

1^-in. Raschig rings: 

Ap = (- 

\130 - 13 VLJ 

No. 6146 drip grids, straight flues: 


Ap 


( _ Hi _Y 

\410 - 36.6 VLJ 


P 


e. Height Required, Packed Columns.—There is need of a simple 
rule for estimating the height of packed length required to produce a 
desired result. The literature contains a great deal of scattered but 
valuable information on the subject, and frequently the reader may be 
able to find specific data on the system of interest, either in texts or 
in research papers. Dr. Molstad and his coworkers 1 present data on a 
number of packings in terms of a correlation suggested by Sherwood 
and Holloway. 2 

In absence of specific data, pilot-plant tests are strongly recom¬ 
mended. Rules of thumb may be employed for preliminary guesswork , 
say, 2 to 6 ft per theoretical plate or 1 to 3 ft as equivalent to a practical 
plate. 

If a large number of theoretical plates or transfer units is required, 
reasonable heights per unit are probable. If only a few units are 
involved, however, the height may be determined largely by the gross 
amount of material and heat transfer involved. Unfortunately, much 
of the published tests are on dilute solutions for which thermal effects 
are small. 

1 Trans. Am. Inst. Chem. Engrs., 38, 410, 605 (1942). 

1 Trans. Am. Inst. Chem. Engrs ., 36, 39 (1940). 



CHAPTER M 


WATER 

The water system in a plant is of prime importance. Cooling- 
water costs may even exceed steam costs. Corrosive water may 
dictate the use of expensive alloys throughout the plant. The litera¬ 
ture on many phases of industrial water is extensive, though cooling 
water, as such, has not received the attention it deserves. This 
chapter gives brief mention of the various factors entering into process 
design and discusses cooling towers, water balance, and contact 
coolers in modest detail. Below is listed some useful reference 
material: 

Babbitt and Doland, “Water Supply Engineering,” 3d ed., McGraw-Hill Book 
Company, Inc., New York, 1939. 

Partridge, “Formation and Properties of Boiler Scale,” Univ. Michigan Eng. 

Research Bull. 15, 1930, Ann Arbor, Mich. 

“Quality and Treatment of Water,” American Water Works Association, New 
York, 1940. 

Ryan, “Water Treatment and Purification,” McGraw-Hill Book Company, Inc., 
New York, 1937. 

Perry, “Chemical Engineers’ Handbook,” 2d ed., McGraw-Hill Book Company, 
Inc., New York, 1941. 

Keenan and Kaye, “Thermodynamic Properties of Air,” John Wiley & Sons, Inc., 
New York, 1945. 

1. Water Quality and Treatment 

Industrial water is used for a variety of purposes, a few of which 
are listed below: 

1. Boiler feed water. 

2. Process water (i.e., water used in contact or to dissolve materials 
in process of manufacture). 

3. Hot-water heaters. 

4. Cooling engine and compressor jackets, or other hot surfaces to 
protect mechanical equipment. 

5. General cooling water. 

Treated water or condensate is nearly always used for boiler feed 
water. Very frequently this is also true of process water, particularly 
if it is used in distillation or for crystallization of high-purity products. 
Hot-water heaters and jacket cooling water sometimes require treated 
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water. However, water of a total hardness of 50 ppm (expressed as 
CaC0 3 ) is usually satisfactory. The cost of treating general cooling 
water is usually excessive, and the whole plant must usually be 
designed to utilize the available supply even though it may be corrosive 
and excessively hard. 

Because of the many complicated factors in quality of water, the 
empirical approach is probably the best; i.e., to secure a water survey 
of quantities and analyses. If, by good fortune, the analysis is typical 
of waters in the locality, then scale and corrosion problems already 
encountered by existing plants afford a sound basis for water plant 
design. 

Scale formation results from the precipitation of dissolved materials 
on the heating of water. Calcium sulphate, calcium carbonate, 
calcium hydroxide, magnesium hydroxide, and magnesium silicates 
are examples. Of these, calcium sulphate and carbonate are most 
troublesome in cooling-water service. Figure M-l permits the estima¬ 
tion of solubilities of the least soluble forms of these two compounds 
in the absence of excess carbon dioxide. It is seldom possible to secure 
water that does not contain more calcium carbonate than represented 
by these solubilities because of the excess carbon dioxide that forms 
the soluble bicarbonate. This is not necessarily serious unless condi¬ 
tions favor rapid deposition. Sulphate hardness is usually rather 
troublesome. Where hard water must be employed, scale formation 
may be somewhat minimized by high velocity and by avoiding rapid 
heating. These effects can be more easily achieved by taking small 
temperature rises in the coolers. Keeping the maximum temperature 
low is also helpful. 

Treatment of water is effected by one or more of five general 
methods: 

1. Precipitation by adding chemicals (lime, soda ash, trisodium 
phosphate, etc.). 

2. Ion exchange by inorganic zeolites. 

3. Ion exchange by organic zeolites. 

4. Addition of organic materials. 

5. Distillation (steam condensate-multiple-effect evaporators). 

Chemical precipitation removes most of the scale-forming materials 

but increases the total dissolved solids. Ion exchange by inorganic 
zeolites replaces calcium and magnesium ions by sodium. Ion 
exchange by organic zeolites may merely replace magnesium and 
calcium ions by sodium as in the case of inorganic zeolites. By a two- 
stage process, virtually all inorganic material other than silicic acid 
may be removed by organic zeolites, producing water comparable with 
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distilled. 1 Addition of certain organic matter such as tannic acid, to 
some extent inhibits the formation of scale. Quebracho and similar 
materials are sometimes added to combat the phenomenon of caustic 
embrittlement in high-pressure boilers. 2 Steam condensate is nearly 
always available in plants and, if conserved, affords a supply of high- 
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quality water. Multiple-effect evaporators produce very high-quality 
water and are used when the less expensive methods are unsuitable. 

As some scale formation is almost inevitable, provision for its 
periodic removal from equipment should be made. The metaphos¬ 
phates are suitable for this purpose, provided scale formation has not 
progressed too far. In some cases the use of corrosive acids or 
mechanical cleaning is necessary. 


1 Nordell, Chem. & Met. Eng., October, 1943, p. 112. 

* Schroeder, Berk, and O'Brien, various papers in Trane. Am. Soc. Mech. Engrs. 
from 1934 on. 
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Table M-l.— Properties of Air Mixed with Saturated Water Vapor 
(Adapted from Perry, “ Chemical Engineers’ Handbook,” McGraw-Hill Book 
Company, Inc., New York, 1941) 



Saturated 
water vapor* 

Volume, 

cu ft 

Total heatf above 0°F, Btu. 

°F 




1 lb 

Of 1 lb 
dry air 
above 0°F 

Of vapor 

Total 


Pressure, 

Lb/lb 

1 lb 

dry air + 

to satu- 

air + 


psi 

dry air 

dry air 

vapor to 
saturate it 

rate 1 lb 
dry air 

water 

vapor 

0 

0.0184 

0.000781 

11.58 

11.59 

0.0 

0.84 

0.84 

4 

0.0227 

0.000963 

11.68 

11.70 

0.96 

1.03 

1.99 

8 

0.0279 

0.001183 

11.78 

11.80 

1.93 

1.27 

3.20 

12 

0.0341 

0.001447 

11.88 

11.91 

2.89 

1.55 

4.44 

16 

0.0415 

0.001764 

11.99 

12.02 

3.86 

1.90 

5.76 

20 

0.0504 

0.002144 

12 09 

12.13 

4.82 

2.30 

7.12 

24 

0.0610 

0.002596 

12.19 

12.24 

5.79 

2.78 

8.57 

28 

0.0736 

0.003134 

12.29 

12.35 

6,75 

3.36 

10.11 

30 

0.0809 

i 

0.003444 

12.34 

12.41 

7.23 

3.69 

10.92 

32 

0.0887 

0.003782 

12.39 

12.47 

7.72 

4.06 

11.78 

34 

0.0961 

0.004100 

12.44 

12.52 

8.20 

4.40 

12.60 

36 

0.1041 

0.004452 

12.49 

12.58 

8.68 

4.77 

13.45 

38 

0.1126 

0.004809 

12.54 

12.64 

9.17 

5.17 

14.34 

40 

0.1217 

0.005202 

12.59 

12.70 

9.65 

5.60 

15.25 

42 

0.1315 

0.005625 

12.64 

12.76 

10.14 

6.07 

16.21 

44 

0.1420 

0.006078 

12.69 

12.82 

10.62 

6.55 

17.17 

46 

0.1532 

0.00656 

12.74 

12.88 

11.10 

7.08 

18.18 

48 

0.1652 

0.00708 

12.79 

12.94 

11.58 

7.65 

19.23 

50 

0.1780 

0.00764 

12.84 

13.00 

12.07 

8.26 

20.33 

52 

0.1917 

0.00823 

12.89 

13.07 

12.55 

8.91 

21.46 

54 

0.2063 

0.00887 

12.95 

13.13 

13.03 

9.61 

22.64 

56 

0.2219 

0.00955 

13.00 

13.20 

13.52 

10.36 

23.88 

58 

0.2384 

0.01028 

13.05 

13.26 

14.00 

11.16 

25.16 

60 

0.2561 

0.01105 

13.10 

13.33 

14.48 

12.00 

26.48 

62 

0.2749 

0.01188 

13.15 

13.40 

14.97 

12.92 

27.89 

64 

0.2949 

0.01276 

13.20 

13.47 

15.45 

13.89 

29.34 

66 

0.3162 

0.01370 

13.25 

13.54 

15.93 

14.93 

30.86 

68 

0.3388 

0.01471 

13.30 

13.61 

16.42 

16.03 

32.45 

70 

0.3628 

0.01578 

13.35 

13.69 

16.90 

17.21 

34.11 

72 

0.3883 

0.01692 

13.40 

13.76 

17.38 

18.47 

35.85 

74 

0.4153 

0.01813 

13.45 

13.84 

17.87 

19.81 

37.68 

76 

0.4440 

0.01942 

13.50 

13.92 

18.35 

21.24 

39.59 

78 

0.4744 

0.02080 

13.55 

14.00 

18.84 

22.76 

41.60 
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Table M-l.— Properties of Air Mixed with Saturated Water Vapor 

( Continued ) 



Saturated 
water vapor* 

Volume, cu ft 

Total heatf above 0°F, Btu. 

°F 




1 lb 

Of 1 lb 
dry air 
above 0°F 

Of vapor 

Total 


Pressure, 

Lb/lb 

1 lb 

dry air + 

to satu- 

air + 


psi 

dry air 

dry air 

vapor to 
saturate it 

rate 1 lb 
dry air 

water 

vapor 

80 

0.5066 

0.02226 

13.60 

14.09 

19.32 

24.38 

43.70 

82 

0.5406 

0.02381 

13.65 

14.17 

19.80 

26.11 

45.91 

84 

0.5767 

0.02547 

13 70 

14.26 

20.29 

27.95 

48.24 

86 

0.6148 

0.02723 

13.75 

14.35 

20.77 

29.90 

50.67 

88 

0.6551 

0.02910 

13.80 

14.45 

21.25 

31.98 

53.23 


0.6977 

0.03109 

13 86 

14.55 

21.74 

34.19 

55.93 

92 

0.7427 

0.03320 

13 91 

14.65 

22.22 

36.55 

58.77 

94 

0.7901 

0.03544 

13 96 

14.75 

22.71 

39.06 

61.77 

96 

0.8401 

0.03783 

14 01 

14.86 

23.19 

41.72 

64.91 

98 

0.8929 

0.04036 

14.06 

14.97 

23.67 

44.54 

68.21 

■9 

0.9486 

, 

0.04305 

14.11 

15.08 

24.16 

47.56 

71.72 

HI 

1.101 

0.0505 

14.24 

15.39 

25.37 

55.95 , 

81.32 

Bis 

1.274 

0.0593 

14.36 

15.73 

26.58 

65.74 

92.32 

115 

1.470 


14.49 

16.10 

27.79 

77.16 

104.95 


1.692 

0.0813 

14.62 

16.52 

29.00 

90.52 

119.52 

125 

1.941 

0.0953 

14.75 

16.99 

30.21 

106.2 

136.41 


2.221 

0.1114 

14.88 

17.53 

31.42 

124.6 

156.02 

135 

2.536 

0.1305 

15.00 

18.13 

32.63 

146.2 

178.83 

mtim 

2.887 

0.1532 

15.13 

18.84 

33.85 

171.9 

205.75 

145 

3.280 

0.1800 

15.26 

19.64 

35.06 

202.4 

237.46 


3.716 

0.2122 

15.39 

20.60 

36.27 

239.1 

275.37 


4.739 

0.2987 

15.64 

23.09 

38.69 

337.8 

376.49 


5.990 

*' & 

15.90 

26.84 

41.12 

490.8 

531.92 

Bg| 

7.51 

Kj, 

16.16 

33.04 

43.55 

749.2 

792.75 


9.34 

IK IS 

16.41 

45.00 

46.97 

1255.7 

1302.67 

200 

11.53 

2.2953 

16.67 

77.24 

48.40 

2623.0 

2671.40 


* Below 32°F, the pressure of saturated vapor in contact with ice is given, 
t The total air -f water vapor added by author. 
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2. Cooling-tower Theory 

Cooling towers remove heat from water largely by evaporation of 
water that is carried off by air. The amount of water vapor that can 
be carried off by a given quantity of air depends on its initial water- 
vapor content and its exit temperature. The latter determines the 
maximum quantity of water vapor in the exit air. The water-vapor 
content of air is usually determined by the familiar wet- and dry-bulb 
temperatures. Figure M-2, page 422, permits the estimation of the 
dew-point temperature and the relative humidity of air from the wet- 
and dry-bulb temperatures. 

Table M-l, pages 418-419, gives the thermodynamic properties of 
air at atmospheric pressure, both as dry air and as air saturated with 
water vapor; it is also useful for air containing less water vapor than at 
saturation. Regardless of humidity, the total heat content of air and 
vapor will be that of saturated air at the wet-bulb temperature of the air 
in question. Similarly, the moisture content of air is specified by the 
dew-point temperature. The specific volume of wet air cannot be ob¬ 
tained from Table M-l unless the air is saturated. However, the total 
volume may be obtained by additions of the specific volume of dry air 
and the volume contributed by the moisture. The latter contribution 
may be computed by the following equation: 

V w = (18.6 + 0.04050 W 

where V w = volume contributed by moisture, cu ft/lb dry air 
t = temperature (dry-bulb), °F 
W = lb water vapor/lb air 

Example M-l is presented below to illustrate the use of Fig. M-2 
and Table M-l in cooling-tower calculations. 

Example M-l. Find the amount of air required to cool 100 gpm of water 
from 95 to 80°F. The air enters at 78°F dry bulb, 70°F wet bulb, and leaves 
at 80°F saturated. 

Solution: 

1. Heat removed from water 95 to 80°F, 

100 X 500 X 15 - 750,000 Btu/hr 
(1 gpm = 500 lb/hr) 

2. Heat removed by 1 lb air (heat contents from Table M-l), 


Heat content exit, 80°F saturated. 43.70 Btu/lb 

Heat content inlet, 70°F wet bulb. 34.11 

Heat removed from water. 9.59 Btu/lb dry air 
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3. Pounds of dry air required, 


750,000 

9.59 


= 78,200 lb/hr 


4. Moisture content inlet air, 


Dew point = 66°F (from Fig. M-2) 
Moisture content = 0.0137 lb/lb (from Table M-l) 

5. Specific volume of inlet air, 

Dry air at 78°F = 13.55 cu ft/lb (Table M-l) 

Moisture = (18.6 + 0.0405 X 78) X 3 0137 = (18.6 + 3.15) X 0.0137 
= 21.75 X 0.0137 = 0.30 cu ft/lb dry air 
Total = 13.55 + 0.30 = 13.85 cu ft/lb 

6. Volume inlet air, 


78,200 X 13.85 
60 


18,100 cfm 


7. Water evaporated, 


Exit air at 80°F saturated carries. 0.02226 lb/lb dry air 

Inlet air at 66°F dew point carries. 0.01370 

Net gain. 0.00856 ib/lb dry air 

or 


78,200 X 0.00856 = 669 lb/hr 
or 

66 %oo = 1-34 gpm 

The water lost by evaporation may be computed as in the example 
above, but this accuracy is seldom required. The loss is generally 
between 0.9 and 1 per cent of effluent water for every 10°F through 
which the water is cooled. 

As in the case of absorbing and stripping towers, the height of a 
cooling tower is related to the number of theoretical plates. However, 
special methods are used by tower designers. 

Because of evaporation in cooling towers, the concentration of 
dissolved salts is increased; consequently, cooling water may not be 
circulated indefinitely and a sufficient portion must be discarded and 
replaced by fresh water to keep the quality up to standard. Usually 
discard of about 10 per cent of the water leaving the cooling tower is 
satisfactory; however, the amount discarded will depend on the 
quality of the fresh supply and on the temperature range of the 
cooling tower. Example M-2, page 423, illustrates these factors. 
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to read 24 on 3 scale 

Fig. M-2.—Relation between dry bulb, wet bulb, and dew point, and dry bulb, dew 
point, and relative humidity. {By E. Cowan , Power , March , 1934.) 
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Example M-2. A cooling tower cools 2,000 gpm from 90 to 80°F. 200 
gpm of this is discarded after usage. The fresh water used for make-up has 
the following analysis: 

Hardness, 250 ppm as CaC0 3 
Alkalinity, 180 ppm as CaC0 3 
Chlorides, 20 ppm as Cl 
Sulphates, 25 ppm as S0 3 

Find the average analysis of water leaving the cooling tower. 

Solution: 

1. Evaporation loss, 

Assume 1 % for 10°F. 20 gpm 

2. Windage loss, 

Assume 1 %. 20 

3. Make-up water, 

To replace discard. 

To replace evaporation loss 
To replace windage loss.... 

Total. 

4. Concentration factor: 

Solids contained in 240 gpm must leave with discard and spray, i.e., in 

200 + 20 = 220 gpm; therefore, concentration will be increased by factor of 
24 %20 = E09 

5. Average analysis at cooling-tower exit, 


Hardness, 1.09 X 250. 273 ppm 

Alkalinity, 1.09 X 180. 196 ppm 

Chlorides, 1.09 X 20. 22 ppm 

Sulphates, 1.09 X 25. 27 ppm 


6. Scale-forming tendencies. Assume that hardness is all due to calcium. 
From Fig. M-l, it will be seen that the water is not completely safe with 
respect to carbonate hardness but is safe for sulphate hardness. As the dis¬ 
solved salts are only 9 per cent more than the make-up water, the quality is 
only slightly inferior to the fresh-water supply. 

3. Weather Data 

The performance of cooling towers is dependent on the local 
weather. Figure M-3, giving the design of wet-bulb temperatures for 
the United States, is based on an extensive survey and is reliable for 
open country. In very hilly or mountainous country, local variations 
may have to be taken into account. In any event a comparison of the 
local temperature with near-by weather stations will (in conjunction 


200 

20 

20 

240 gpm 














Fig. M-3, —Summer wet-bulb-temperature data. (Courtesy of The Marley Company , Inc.) 
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with Fig. M-3) permit the choice of a wet-bulb temperature adequate 
for design. 

Wind velocities are subject to wide local variations. A 3-mph 
velocity is usually safe for design factors based on the minimum. 
Maximum wind velocities determine the mechanical strength neces¬ 
sary in the construction of cooling towers and, for that matter, of all 
equipment and buildings. To a small extent, cooling-tower perform¬ 
ance depends on the atmospheric pressure. Altitude largely deter¬ 
mines the barometric pressures (see Fig. C-l). Winter temperatures 
are important in regard to freeze-up problems. 

4. Cooling Towers and Spray-pond Performance 

Cooling towers may secure contact of water and air either by 
natural draft or by mechanical draft. Natural-draft towers are 



Note: Use for preliminary estimates 
only , do not extrapolate beyond limits 
of curve 
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To find cold water temperature, place a straight 
edge on points representing (I) temperature of 
inlet water, (2) wet bulb temperature,and (3) 
water concentration in cooling tower in gallons 
per sq.ft. Then read the cold water temperature 
at right 



Fig. M-4. —Performance curve of a 12-deck, 35-ft-high atmospheric cooling tower at a 
wind velocity of 3 mph. (By permission , The Fluor Corp., Ltd.) 


sometimes constructed with chimneys to increase the air flow, but 
they usually depend largely on the velocity of the prevailing wind. 
Because of variations in direction and velocity of the wind, their per¬ 
formance is somewhat changeable. However, if the tower design is 
adequate for the most unfavorable conditions, the resulting variation 
in water temperature is seldom serious enough to produce difficulty in 
process control. The use of fans to produce mechanical draft gives 
somewhat steadier performance and reduces the sizes required where 
space is limited. The fans may be placed either at the base or the top 
of the tower. Spray ponds are frequently used where spray loss is not 
serious and where their performance meets the service demands. 
Performance data are given as follows: 

An atmospheric cooling tower. Fig. M-4 

An induced-draft cooling tower. Figs. M-5 and M-6 
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These are not adequate for mechanical design but are suitable for an 
intelligent choice of temperatures for preliminary process design and 
for estimating space requirements prior to quotations from the manu- 
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To find cold water temperature, place straight 
edge on points (Ij temperature of inlet water,( 2 ) 
wet bulb temperature, and ( 3 ) water concen¬ 
tration in cooling tower in gallons per sq.ft. 
Then read the cold water temperature at right 
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Fig. M-5.—Performance curve of 
taining 24 ft of filling. 


a counter-flow, induced-draft cooling tower con- 
(By permission , The Fluor Corp., Ltd.) 



Note: Use for preliminary estimates only. 


1 - 0.025 

-0.030 .+_■ 
u- 

-0.035 „ 

u O 

0 OJ 

-0.040 £■< 

Q> I- 

- 0.045 | | 

Cl^O 

-0.050 £>5 

O 0 

-0.055 X 

- 0.060 


7o find fan horsepower requirements,place straightedge at 100To 
on design tower capacity curve and at water concentration used in 
Fig.Nf } fan horsepower requirement shown multiplied by total tower 
area(as found in Fig.M-5)will give total horsepower requirements. 

Fig. M-6.—Fan-horsepower curve for induced-draft cooling towers with 24 ft of filling. 
{By permission, The Fluor Corp., Ltd.) 


facturer. Cooling towers should be kept reasonably distant from 
other equipment that might be corroded by the spray. 

6. Water Balances 

The principles involved in making balances on plant water are best 
given by illustration. An idealized water balance, given in Table M-2, 
is based on the following assumptions; 
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1. Treated water or condensate is used for all boiler feed and 
process water except contact coolers. 

2. Treated water is used in engine jackets, with closed recirculation 
and cooling by exchange with cooling-tower water. Only pump leak¬ 
age and similar losses to be made up by treated water. These losses 
are assumed to be 2 per cent of the amount circulated. 

3. 1,000 gpm of fresh water is available at 72°F. Some of this will 
be treated for boiler use, etc., the remainder to be used in services 
requiring the coldest available water. Finally, this water will go to 
the cooling tower. 

4. Additional cooling-water requirements to be supplied by cooling- 
tower water. The cooling tower is assumed to supply 85°F water 
when the feed is 100°F. 


Table M-2.— An Idealized Water Balance 
All figures in gpm 
Fresh-water Balance 


Treated water used: 

Boiler feed. 72 

Process water. 112 

Engine jackets. 8 

Total. 192 

Less condensate returned. 52 

Total water to treatment plant. 140 

Fresh water for cooling. 770 

Total fresh water required. 910 

Installed capacity.. 1,000 

Overage. 90 


Overage. 90 

Cooling-tower Balance 



Service 


Supplied 

Returned 

Lost or discarded 

85 to 90°F. 

1,200 

1,200 

0 

85 to 100°F. 

4,300 

1,500 

4,210 

1,300 

0 

90 

85 to 105°F. 

200 

85 to 110°F and above. 

300 

300 


Subtotals.. 

7,300 

6,710 

590 

Evaporation loss. 

108 

Spray loss. 



72 

Totals. 

7,300 

10,000 

. 


770 

Installed capacity. 


Fresh water... 


770 

Overage. 

2,700 


None 
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The water balance is, of course, affected by the temperature rises 
taken throughout the plant. Only small rises can be taken for some 
purposes, for example, for ammonia condensers. Large ones may be 
taken in other cases such as in stills, where the product cooler, vent 
cooler, and condenser may be placed in series. Consequently, no 
general rule can be given. The average rise should be consistent with 
good cooling-tower design. If very hard water is employed, small 
temperature rises are recommended. 


6. Contact Coolers 

Because heat-transfer coefficients of gases are frequently low, it is 
sometimes desirable to cool gases in a tower by direct contact with 
water or other liquid. Although either tray or packed towers may be 
employed, the latter are generally preferred for this service. Baro¬ 
metric condensers are essentially contact coolers, and the same con¬ 
struction is suitable for quenching hot gases. Contact coolers may 
be employed for any pressure service, provided the gas being cooled 
does not have too high a solubility in the cooling liquid. The princi¬ 
ples used in estimating these towers are the same as for cooling water 
towers. 

Published information on the performance of contact coolers is very 
meager. Pexekh., 1 however, has studied the cooling oi air at atmos¬ 
pheric pressure by water in a column packed with Raschig rings. 
Using an empirical correlation of his results together with the definition 
of the transfer unit, the following equation has been developed. To 
what extent this data can be extrapolated to gases of different specific 
gravity, and to pressures other than atmospheric, cannot be stated. 
The heights required, however, are usually low so that large factors 
of safety may frequently be employed without incurring unduly high 
costs. 


Z 


= a(H T - Hb) 


r In (AHb/AHt) 
L A H b - AH t 



where Z = height of packing required, ft 

Hr = heat content of exit gas and water vapor, Btu/lb of dry gas 
H b = heat content of inlet gas and water vapor, Btu/lb of dry gas 
AH t = H* - H t 
AH b = Hi - H b 

1 Quoted by McAdams, “Heat Transmission,” 2d ed., McGraw-Hill Book 
Company, Inc., New York, 1942. Some other data are also presented, and the 
definition of transfer units based on heat transferred is given. 
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H* = heat content of gas saturated with water vapor at the 
inlet water temperature, Btu/lb of dry gas 
H* = heat content of gas saturated with water vapor at the 
exit-water temperature, Btu/lb of dry gas 
AH m = logarithmic mean of AH T , A H B 
Q/L = lb of dry gas per lb of water circulated 
a = 1.4 for 1-in. Raschig rings 
= 1.7 for 1%-in. Raschig rings 
= 2.1 for 2-in. Raschig rings 
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Absorption, of gases by liquids, 377-385 
illustrative calculations for, 380-383 
Absorption factors, 377-380 
Acceleration due to gravity, 20 
Acetic acid-water, vapor-liquid system, 
397 

Acetone-ethyl alcohol, vapor-liquid sys¬ 
tem, 398 

Acetone-methyl alcohol, vapor-liquid 
system, 398 

Acetone-water, vapor-liquid system, 
397 

Acids, densities of, 42^46 
Activity, 161 
Adiabatic expansion, 172 
Adiabatic-expansion exponent, 361 
Air, composition of, 273, 274 
excess for combustion, 298-306 
specific heat of, 105 
thermodynamic properties of, 418,419 
Allowable stresses, 54, 57, 59, 60, 64 
Aluminum, mechanical properties of, 60 
Amagat’s law, 100 

Ammonia, densities of solutions of, 50 
heats of solution of, 406 
thermodynamic properties of, 141-144 
vapor pressures of solutions of, 403, 
404 

Approximations (mathematical), 19 
Aqua ammonia, 50, 403, 404, 406 
Area, of flanged fittings, 215 
formulas for, 14, 15 
Atomic weights, 21 
Atomization of fuel oil, 286, 287 
Azeotropic mixtures, 396 

B 

Barlow’s formula, 53 
Benzene-ethyl alcohol, vapor-liquid sys¬ 
tem, 400 


Bernoulli’s equation, 159, 160, 171, 172 
Blowers, 355-357 
Boiler horsepower, 321 
Boilers, 319-322 

Boiling liquids, vapor in equilibrium 
with, 394-404 

Brass, allowable stresses for, 57 
Brick piers, 61 

n-Butyl alcohol-ethyl alcohol, vapor- 
liquid system, 399 

C 

Carbon dioxide, specific heat of, 106 
thermodynamic properties of, 145 
Carbon and graphite products, 73, 81 
Caustic soda, densities of solutions of, 
48 

Chemical equilibria, 152-156 
Chemical equipment, materials of con¬ 
struction for, 84-93 

Chemical thermodynamics, basic laws 
and equations of, 160-164 
Clapeyron equation, 124, 125, 128 
Clausius-Clapeyron equation, 123, 124, 
128 

Coal, 274-283 

A.S.T.M. Standards for, 274 
classification of, 275 
heating values of, 276, 277, 279 
powdered, 280-282 
spontaneous combustion of, 283 
stokers for, 278, 281 
storage of, 282, 283 
typical analyses of, 276, 277 
Coefficients, of discharge, 174-179, 181 
of expansion, 55, 56, 59, 63, 64 
Coke, A.S.T.M. Standards for, 274 
heating values of, 278 
typical analyses of, 278 
Columns, 406-414 
capacities of, 406, 407, 410-412 
contact cooling, 428, 429 
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Columns, number of plates for, 408 
packed, data on fillings for, 409 
distribution of liquids in, 413 
height of, 414 

pressure drops through, 413, 414 
Combustion, 273-317 
cinder losses in, 301 
excess air for, 298-306 
flame temperatures, 302-308 
illustrative calculations for, 308-317 
Compressibility factors, 96-99 
Compression, adiabatic, 358-362 
adiabatic temperatures in, 361 
isothermal, 358 
Compressors, 358-374 
capacities of reciprocating, 367, 368 
centrifugal and axial, 368-371 
cooling water for, 362, 363, 367 
efficiencies of, 364, 365, 368, 371 
liquid piston, 373, 374 
lubrication of, 367, 371, 372, 374 
multistage, 366, 367 
power required for, 358-361, 364-367 
reciprocating, 364-368 
rotary, 371-374 
slide vane, 372, 374 
temperatures at discharge of, 361, 
362 

two-impeller, 373, 374 
types of, 364 
Concrete, 64, 65 

Condenser tubes, tables of dimensions, 
222-225 

Constant-boiling mixtures, 396 
Constants, fundamental, 20 
Contact coolers, 428, 429 
Conversion tables, 20-32 
Cooling of solids, 236, 237 
Cooling towers, performance of, 425, 
426 

theory of, 420-423 

Copper alloys, allowable stresses for, 
57 

Copper wire, carrying capacity of, 335 
Corrosion, 74-93 
of metals, 74-80 
Creep stresses, 51, 54-60 
Critical temperatures and pressures, 97 


D 

Dalton’s law, 100 

Degrees, conversion tables for, 23-25, 
30-32 

Densities, equivalents for units of, 29- 
32 

estimation of liquid, 100, 101 
of hydrocarbons, 35, 36, 293 
of liquids, 34-50 
of metals, 55 
of solutions, 34, 41-50 
Design stresses, 54 
for concrete, 64 
for copper alloys, 57 
for lead pipe, 60 
for steels, 57, 59 
for woods, 66, 67 
Dew-point temperatures, 422, 424 
Diameters, equivalent, 184, 185, 239 
Diesel engines, 332 
Dietrici equation, 95, 96 
Differentials (mathematical), 19 
Dimensional analysis, 238 
Distillation, 388-394 
heat and cooling requirements of, 
391-394 

Distillation equilibria, 395-404 
Dulong formula, 276 

E 

Elasticity, 51 

Electric generators, 333, 334 
Electric motors, 334 
Electrical power, 333-336 
basic equations of, 335, 336 
Elements, atomic weights of, 21 
metallic, physical properties of, 55 
Emissivities, 228, 229 
Endurance tests, 51, 53, 54, 58, 60 
Energy equivalents, 26 
Engines, 322-332 

Enthalpies, 104, 107-110, 116, 117, 157 
various tables including, 129-145, 
418, 419 

Entropy equivalents, 26 
Equations of state, 95-99 
adiabatic, 172 
thermodynamic, 158 
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Equilibria, chemical, 152-156 
in vapor-liquid systems, 394-404 
Equilibrium constants, 152-156, 162- 
164 

for hydrocarbon vaporization, facing 
394 

Equivalent diameters, 184, 185 
in heat transfer, 239 
Equivalents, tables of, 20-32 
Erosion, 74 

Ethyl acetate-ethyl alcohol, vapor- 
liquid system, 401 

Ethyl alcohol-acetone, vapor-liquid sys¬ 
tem, 398 

Ethyl alcohol-benzene, vapor-liquid sys¬ 
tem, 400 

Ethyl alcohol-n-butyl alcohol, vapor- 
liquid system, 399 

Ethyl alcohol-ethyl acetate, vapor- 
liquid system, 401 

Ethyl alcohol-water, densities of mix¬ 
tures of, 41 
specific heats of, 118 
vapor-liquid system, 400, 401 
Ethylene dichloride-toluene, vapor-liq¬ 
uid system, 399 
Expansion factors, 173, 174 
Exponentials, 9 
Extensive properties, 160n. 

F 

Fanning equation, 185 
Fanning friction factors, 186-188 
Fans, 355—357 
Faraday constant, 20 
Film coefficients of heat transfer, 237-258 
for boiling liquids, 258 
charts for, 242-251 
for condensing vapors, 254-257 
equations for, 252-253 
for gases, 239-241 
theory of, 237-239 
for water, 253, 254 
Film temperature, 252, 253 
Fittings, area of flanged, 215 
lengths of pipe equivalent to, 214 
pressure drops through, 213, 214 
Flame temperatures, 302-308 
Flow measurements, 171-182 


Flow measurements, accuracy of, 181 
discharge coefficients for, 176-178 
illustrative calculation for, 179, 180 
by rotometers, 181 
by weirs, 181, 182 
working equations for, 173-175 
Fouling resistances in heat exchange, 
264 

Free energies, 152-157, 163 
Friction factors for pipes, 186-188 
Fuel oils, 283-287 
atomization of, 286, 287 
burners for, 286, 287 
composition and properties of, 285 
heating values of, 285-287 
specifications of, 284 
viscosities of, 283-285 
Fuels (see Gaseous fuels; Coal; etc.) 
Fugacity, 160, 161 
Furnace walls, heat losses from, 272 
Furnaces, heat distribution in, 296, 297 

G 

Gas engines, 331, 332 
Gaseous fuels, 288-292 
analyses of, 288 
combustion ratios for, 292 
heats of combustion of, 290, 291 
properties of, 289-292 
typical analyses and properties of, 
290 

units of measurement for, 288, 289 
Gases, solubilities of, in water, 405 
Gas-law constant, 95 
Generators, electric, 333, 334 
Glass, 63 

H 

Heat, mechanical equivalent of, 20 
Heat balances, 151, 152 
Heat capacities, equivalents for units 
of, 26 

of gases, 101-106 
of inorganic solids, 109-113 
of metals, 55 

of miscellaneous materials, 119 
of organic liquids, 114 
of petroleum oils, 115 
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Heat capacities, ratios of, 361 
of solutions, 118, 119 
Heat conductivities (see Thermal con¬ 
ductivities) 

Heat contents, 104, 107-110, 116, 117 
157 

various tables including, 129, 131- 
145, 418, 419 
Heat losses, 270-272 
by cinders, 301 
in furnaces, 272, 296-306 
from stacks, 296-306 
Heat transfer, 226-272 
by conduction, 232-237 
by convection, 237-258 
equipment for, 258-260 
film coefficients of, 237-258 
general methods of computing, 227 
illustrative calculations of, 267-270 
mean temperature difference in, 260- 
262 

over-all coefficients of, 263-270 
by radiation, 227-231 
ranges of over-all coefficients of, 266 
rates in evaporators, 265, 267 
types of, 226 

Heating of solids, 236, 237 
Heating values, 276-279, 285-287, 290- 
293 

definitions of, 296-298 
Heats of combustion, of coal, 276, 277, 
279 

of coke, 278 
definitions of, 296-298 
of gases, 290, 291 
heats of reaction from, 151 
of liquid hydrocarbons, 285-287, 293 
Heats of formation, 146-150 
Heats of reaction, 146-151, 163 
Heats of solution, 405, 406 
Henry’s law, 395 
H.E.T.P., 376 
Hohlraum, 227, 228 
H.T.U., 377 

Humidity, chart for, 422 
Hydrocarbons, densities of, 36, 37 
factors for heat transfer by, 254 
heat contents of liquid, 116, 117 
heats of formation of, 150 
heats of oil absorption of, 406 


Hydrocarbons, properties of, 291-293 
sensible heats of gaseous, 109 
specific heats of liquid, 115 
vaporization constants of, facing 394 
viscosities of, 171, 283-285 

(See also Gaseous fuels; Natural 
gasoline; Fuel oils) 

Hydrochloric acid, densities of, 45 
Hydrogen, specific heat of, 105 
Hydrostatic heads, pressures equiva¬ 
lent to, 26 

I 

Impact tests, 51, 58 
Integrals, 19 

Intensive properties, 160n. 
Internal-combustion engines, 331-333 
Isopropyl alcohol-water, vapor-liquid 
system, 402 

J 

Joule-Thomson coefficient, 158 
K 

Kremser equation, 377, 386 
L 

Lamp’s formula, 53 
Laminar flow in pipes, 183-185 
Latent heats, of phase changes, 111— 
113 

of vaporization, 124-129 
various tables including, 129, 131- 
145, 293, 406 

Lead pipe, design stresses for, 60 
Length equivalents, 22 
Liquefied gases, 292-295 
Liquids, estimation of densities of, 100, 
101 

Logarithmic mean, 261, 262 
Logarithms, 9-13 

M 

McCabe-Thiele method, for absorption, 
384, 385 

for distillation, 389-391 
for stripping, 386, 387 



INDEX 


435 


Materials of construction, corrosion of, 
74-80 

mechanical properties of, 51-73 
typical services of, 84-93 
Mean temperature difference, 260-262 
Mechanical properties, 51-73 
of carbon and graphite products, 73 
of concrete, 64, 65 
of metals, 51-60 
of plastics, 68, 69, 72 
of rubber, 68, 70, 71 
of stone, 63 
of wood, 65-67 
Metals, corrosion of, 74-80 
mechanical tests of, 51-60 
physical properties of, 55 
thermal conductivities of, 55, 233 
typical services of, 84-93 
Methane, specific heats of, 106 
Methyl alcohol-acetone, vapor-liquid 
system, 398 

Methyl alcohol-water, specific heats of 
mixtures of, 118 

Mixtures, densities of liquid, 34, 35 
gaseous, 100 

Raoult’s law for, 161, 162, 394 
Mole fraction, from weight fraction, 29 
Monel, properties of, 59 
Motors, electric, 334 

N 

Natural gasoline and liquefied gases, 
292-295 

properties of components, 292, 293 
storage of, 295 
vapor pressures of, 293, 294 
Nitric acid, densities of, 44 
Nomenclature, 6-8 

Nozzles, basic flow-equations for, 171— 
173 

discharge coefficients of, 176, 177 
expansion factors for, 173, 174 
working flow-equations for, 173-175 

O 

Oleum, densities of, 43 
Open coolers, film coefficients in, 253, 
254 


Orifice meters, 171-181 
illustrative calculations for, 179, 180 
Orifices, basic flow-equations for, 171— 
173 

discharge coefficients of, 177, 178 
expansion factors for, 174 
working flow-equations for, 173-175 

P 

Partial molal quantities, 160 
Per cent, chart for converting, 29 
Perfect gas law, 95 

Petroleum products, densities of, 36, 37 
factors for heat transfer by, 254 
sensible heats of, 116, 117 
specific heats of, 115 
Phosphoric acid, densities of, 46 
Physical thermodynamics, basic laws 
and equations of, 156-160 
Pipe tables, for condenser-tube sizes, 
222-225 

for steel and iron sizes, 216-221 
Pipes, economic diameters of, 189 
Piping, heat losses from, 270, 271 
pressure drops in, 183-212 
schedule number of, 54 
typical velocities in, 190 
wall thickness required in, 53, 54 
Plastics, 68-72, 81-83 
Plate columns, 406-408 
Plates, efficiencies of, 408 
Poiseuille equation, 183, 184 
Potassium carbonate, densities of solu¬ 
tions of, 49 

Prandtl number, 238, 239 
Pressure, atmospheric, 20, 27 
Pressure drops, from gas flow in pipes, 
212 

general method for all fluids, 185-188 
from liquid flow in pipes, 189-209 
across orifices and nozzles, 171-175 
in packed columns, 413, 414 
in pipes, 183-212 

from steam flow in pipes, 210-212 
in valves and fittings, 213, 214 
Pressure equivalents, 26 
Propane, thermodynamic properties of, 
136-140 

Proportional limits, 51, 52, 54-60 
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Powers of numbers, 14 
Pumps, 337-354 

capacities of reciprocating, 342, 343 
centrifugal, 344-352 
efficiencies of, 343-345, 349, 350, 353 
gear, 354 

handling viscous liquids by, 343, 345, 
346, 348, 350-352 
for paper stock, 347, 352 
power formulas for, 337, 338 
propeller type, 346 
reciprocating, 342-344 
rotary, 354 
screw type, 354 
stoneware, 347 
suction lifts of, 339-341 
turbine, 352, 353 
types of, 341, 342 
vacuum, 374 

Q 

Quartz, fused, 63 

R 

Radiation, 227-231 
Raoult’s law, 161, 162, 394 
Rectification, 376, 377 
by distillation, 388-394 
Reduced equation of state, 95-100 
Reference list, 4-6 
Refractory materials, 62 
Refrigeration, illustrative calculation 
for, 129, 130 

Reid vapor pressure, 293, 294 
Relative humidity, 422 
Repeated stress, 51, 53, 58, 60 
Reynold’s number, 183, 184 
Rotometers, 181 
Rubber, 70, 71, 81 

S 

Sensible heats, of gases, 104, 107-109 
of inorganic solids, 110 
of petroleum liquids, 116, 117 
Shell and tube exchangers, 258-260 
Silica, fused, 63 
Similarity, theory of, 238 


Soda ash, densities of solutions of, 47 
Sodium carbonate, densities of solu¬ 
tions of, 47 

Sodium hydroxide, densities of solu¬ 
tions of, 48 

Solar radiation, 230, 231 
Solubility of gases in water, 405 
Solution, basic laws of, 394, 395 
Specific gravities, conversion table for, 
30-32 

of gases, 290, 291 

of hydrocarbons, 285, 290, 291, 293 
of metals, 55 

Specific heats, equivalents for units of, 
26 

of gases, 101-106 

of inorganic solids and liquids, 109- 
113 

of metals, 55 

of miscellaneous materials, 119 
of organic liquids, 114 
of petroleum oils, 115 
ratios of, 361 
of solutions, 118, 119 
Specific volumes, of gases and vapors, 
291, 293 

various tables including, 129, 131- 
145 

Spitzglass formula, 212 
Spontaneous combustion, of coal, 283 
Standard cubic foot, 288, 289 
Steam, atomization of fuel oil by, 286, 
287 

balance, 330, 331 

pressure drops from flow of, 210-212 
quality of exhaust, 330 
rates of ideal engines, 324-328 
tables, 131-135 
viscosity of, 169 
Steam boilers, 319-322 
auxiliaries for, 321, 322 
efficiencies of, 319 
feed water for, 321 
fuel requirements of, 319, 320 
rating of, 321 
waste heat, 322 
Steam ejectors, 374, 375 
Steam engines, 322-330 
efficiencies of, 327, 344 
theory of ideal, 327-329 
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Steam turbines, 322-326 
efficiencies of, 326 
Steel, properties of, 56-59 
stress-strain diagram for, 52 
Stoever, heat transfer charts by, 242- 
251,256 
Stone, 63 
Stoneware, 64, 81 
Streamline flow in pipes, 183-185 
Stresses, 51-54, 56-69, 72-74 
design, 54, 57, 59, 60, 64 
Stripping factors, 379, 386 
Stripping gases or vapors from liquids, 
386-388 

Sulphuric acid, densities of, 42, 43 
T 

Tanks, volumes of, 15-18 
Temperatures, conversion tables for, 
23-25 

of surfaces exposed to sun, 231 
Tensile strength, 51-60 
Terra-cotta brick, 61 
Theoretical plates, 376 

Kremser equation for, 377, 386 . 
McCabe-Thiele methods for, 384- 
387, 389-394 
Therm, definition of, 298 
Thermal conduction, 232-237 
Thermal conductivities, equivalents for 
units of, 28 
of insulants, 234, 235 
of metals, 55, 233 
of petroleum products, 254 
Thermal resistance, 263 
Thermodynamic equations, of chemical 
reactions, 162 
of state, 158 

summary of basic, 156-164 
Thermodynamic functions, 157 
partial molal, 160 

Thermodynamic properties, 129-145, 
418, 419 
of air, 418, 419 
of ammonia, 141-144 
of carbon dioxide, 145 
of propane, 136-140 
of saturated steam, 131, 132 
of superheated steam, 133-135 


Thermodynamics, 94-164 
of chemical reactions, 162-164 
first law of, 156 
second law of, 156-158 
third law of, 160 

Toluene-ethylene dichloride, vapor-liq¬ 
uid system, 399 
Towers, 406-414, 420-429 
cooling, 420-426 
Transfer units, 377, 385 
Tube bundles, 259, 260 
Tube and shell exchangers, 258-260 
Turbines, steam, 322-326 
Turbulent flow in pipes, 184-212 

V 

Vacuum equipment, 374, 375 
Valves, pipe lengths equivalent to, 214 
pressure drops through, 213, 214 
Vapor pressures, 119-124, 293, 294 
correlations of, 123, 124 
of hydrocarbons, 122 
of inorganic compounds, 120 
of natural gasoline and motor fuels, 
293, 294 

of organic compounds, 121 
various tables including, 129, 131— 
145, 293 

Vaporization constants of hydrocar¬ 
bons, facing 394 

Vapor-liquid equilibria, 396-404 
Velocity head, 356 

Venturis, basic flow-equations for, 171— 
173 

discharge coefficients of, 176 
expansion factors for, 173, 174 
working flow-equations for, 173-175 
Vessels, wall thickness of, 53, 54 
Viscosity, 165-171, 283-285 
chart for estimating, 170 
of fuel oils, 283-285 
of gases, 168, 169 
of hydrocarbons, 171 
kinematic, 27, 28 
of liquids, 166, 167 
of steam, 169 

Viscosity equivalents, 27, 28 
Viscous flow, 183-185 
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Volume, formulas for, 15 
of tanks, 15-18 
Volume equivalents, 22 

W 

Wall thickness, of vessels and piping, 
53, 54 

Water, 415-429 
density of, 40 

heat-transfer coefficients for, 253, 254 
quality and treatment of, 415-417 
rates of ideal engines, 324-328 
thermodynamic properties of, 131, 
132 


Water balances, 426-428 
Weather, 423-425 
Weight equivalents, 22 
Weirs, 181, 182 

Wet-bulb temperatures, 422, 424 
Weymouth formula, 212 
Wire, allowable carrying capacity of, 
335 

Wood, 65-68, 81 

Y 

Yield points, 51, 52, 54-60 
Yield strength, 51, 52, 54-60 
Young’s modulus, 51 
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